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FOREWORD 


The Transactions the American Society Civil Engineers, Vol. 
125, 1960, consists two parts, which this Part II. Vol. 125, Part 
papers presented before the Power Division ASCE June 1958 
Portland, Oregon. The decision issue this second part Vol. 125 
was made the ASCE Committee Publications June 1960 
Reno, Nevada, when became apparent that the interest this subject 
warranted the publication volume Transactions devoted exclu- 
sively the science rockfill dams. 
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INTRODUCTION 


SYMPOSIUM ROCKFILL DAMS 


Planning for the Symposium Rockfill Dams began early 1957 
and seventeen papers were presented the June 1958 ASCE Con- 
vention Portland, Oregon. keep the coverage date and 
expand it, discussions were arranged over the year period the 
end 1960. The ASCE Committee Publications decided, June 
1960, that the Symposium was substantial permanent value and 
should published single Transactions volume. This volume has 
been arranged include, with only two exceptions,' all ASCE litera- 
ture rockfill dams for the years 1954-1960. 

For purposes the Symposium, rockfill dam was defined one 
that relies rock, either dumped lifts compacted layers, 
major structural element. Included are rockfill dams with (1) impervi- 
ous face membranes, (2) sloping earth cores, (3) thin central cores, and 
(4) thick central cores. The papers were planned provide design, 
construction, and performance data most the world’s higher rock- 
fill dams. The discussions were arranged introduce data additional 
dams and bring the performance data date the dams the 
original papers. The detailed presentation settlement data was em- 
phasized being particular value the field rockfill dams. 

Rockfill dams had their origin the gold-mining regions the 
Sierra Nevada California, the 1850’s. Their development was logi- 
cal; there was need for dams inaccessible locations where rock was 
abundant and the miners were well acquainted with the use ex- 
plosives. comparison witi: the history other types dams, the 
history rockfill dams relatively short. Prior 1925, there existed 
only eight rockfill dams higher then 100-ft, all the impervious-face 
type. Through the 1930’s number concrete face dams the 200-ft 
300-ft range height were constructed, the highest being the 328-ft 
high Salt Spring Dam completed 1931. The 1940’s saw the continued 
use concrete face dams and the beginning the large earth-core rock- 
fill dams: The sloping core type, the 260-ft high Nantahala Dam, 
1942; the thick central core type, the 318-ft high Watauga Dam, 
1948; and the thin central core type, the 400-ft high Mud Mountain 


Resistance Rockfill Dams,” Ray Clough and David Pirtz, 
Transactions, ASCE, Vol. 123, 1958, pp. 792-810. 

Rockfill Dam, Design and Construction,” Montford Fucik and 
Robert Edbrooke, Transactions, ASCE, Vol. 125, Part 1960, pp. 1207-1227. 
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Dam, 1948. the period 1950-1960, much development occurred 
the technology rockfill dams and they were being constructed ever- 
increasing heights that 1960 are the range 400 ft. 450 ft. The 
papers the Symposium are arranged chronologically this volume, 
completion date the dams, present this history and development 
the rockfill type dam. 

The early history rockfill dams and the status the technology 
1939 well presented paper Galloway and the dis- 
cussions 

Rockfill dams are being increasingly adopted throughout the world 
and are being constructed ever-increasing heights. This Symposium 
has been published provide comprehensive and convenient reference 
work dams. hoped that will contribute toward im- 
proved, more economical, and higher rockfill dams all types. 


3“The Design Rockfill Dams”, Galloway, Transactions, ASCE, Vol. 104, 
1939, pp. 1-92. 
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TRANSACTIONS 


Paper No. 3063 


ROCKFILL DAMS: 
DIX RIVER DAM 


With Discussion Messrs, L.. Lawton; and Lewis Schmidt, Jr. 


SYNOPSIS 


Constructed height 275 feet 1923-25 Dix Dam was then the highest 
rockfill dam built. Over period years considerable data leakage, 
maintenance, condition and settlement have been accumulated. This informa- 


tion presented herein for applicable consideration the design similar 
future projects. 


HISTORY 


Dix Dam rock fill dam, which was built 1923-1925 the Dix River 
Central Kentucky approximately miles upstream from its confluence with 
the Kentucky River. was built for the Kentucky Hydro-Electric Company, 


which later became the Kentucky Utilities Company, present owner. The 
project was designed Mr. Harza, the founder the present Harza 
Engineering Company Inc. Chicago. Consultants were Arthur Davis and 


Note.—Published, essentially printed here, June, 1958, the Journal the 
Power Division, Proceedings Paper 1683, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 


DIX RIVER DAM 
Design Features 


The crest the dam was built elevation 780 with feet supereleva- 
tion the deepest section for settlement allowance. Normal river bed level 
was from elevation 505 515. The dam 275 feet high its highest por- 
tion, 1020 feet length along the crest, with the upstream slope built 
vertical curve starting 1.2 the base and ending with the 
The downstream slope uniformly 1.4. The crest feet 
wide and follows compound curve 1700 and 10250 feet radii the east 
and west sides respectively. The final volume the rock fill was 1,756,000 
yards which 70,700 cubic yards were accounted for the derrick laid rock 
section. plan the dam and spillway shown Figure and details 
the dam through the maximum section are shown Figure 

spillway channel, 250 feet wide, was designed cut into the west 
left bank, flaring out crest length 800 feet the actual spillway lip. 
Rock construct the dam was obtained from this spillway cut which 2000 
feet long. 

foot diameter, concrete lined, horseshoe shaped tunnel, 875 feet long, 
shown Figure was driven the east cliff for the initial purpose di- 
version during construction and for the ultimate purpose carrying the water 
from the reservoir the powerhouse. the upstream end the tunnel 
chimney type intake tower was constructed and 125 feet upstream from the 
downstream portal the tunnel concrete plug, feet long, was built 
contain the entrance three foot diameter which connect 
30,000 horsepower powerhouse three equally sized hydroelectric generating 
units. derrick laid rock section, feet thick the base, and 4.5 feet 
thick the crest, was constructed the base for reinforced concrete di- 
aphragm thickness the cutoff trench and 8-inch thickness the 
crest. cutoff trench feet wide and depth good sound foundation rock 
was excavated rock and concreted back. elevation 670 3-inch 
and timber face was left place outside the concrete diaphragm. 

The original spillway consisted modified concrete rollway elevation 
750. Soon after operations began flashboards were installed this spillway. 
1930 was decided raise the maximum operating level the reservoir 
from 750 760. this time gates, feet high and feet clear opening 
were installed over distance 394 feet the spillway. These gates were 
operated from above two gantry cranes. The balance the spillway, 
277 feet was raised proposed collapsible concrete sections, which were 
designed out only case unusual flood condition. 1949 was 
felt that the collapsible section should replaced and Ogee section 
elevation 758.5 feet with 1/2 foot flashboards was installed that time. 
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DIX RIVER DAM 


section through this portion the spillway shown Figure Additional 
spillway capacity the gates was provided lowering the gate seat 
The gates were made larger and reinforced meet this additional head 
water. Two gate seats were lowered foot each, two were lowered feet 
each and three were lowered 1/2 feet each with three remaining the orig- 
inal 


Construction Features 


All talus material was stripped from the east bank and wasted. Similarly 
all the west side flood plain was stripped and the material wasted. 
was done with steam shovels and narrow gage railroad equipment. the 
start the job also was planned strip the entire spillway before loading 
out rock for the fill. the interest speeding the work, portions the 
stripping were omitted and this material was loaded out with the top cut 
rock. Material cars containing majority earth was wasted othercars 
were dumped the fill. 

Rock excavation the spillway channel was done conventional drilling 
and blasting and rock loading was done with 31/2 cubic yard steam shovels 
the railroad type which were converted caterpillar mounting outrig- 
gers the front and single rudder type, double caterpillar mounting the 
rear. 

Transportation was yard standard gage side dump cars, hauled 
saddleback steam system switchback railroad tracks over 
which trains traveled from the top the west bank the valley below. 

Upon completion overburden stripping from the base the proposed 
dam, rock was side dumped from the west, left bank switchback track 
the 634 level, which was approximately 120 feet above the level the river 
bottom. Figure shows this operation. Side dumping and throwing track 
was continued outward this level until the fill reached almost across the 
canyon, this time 80,000 pound black powder coyote shot was pulled 
the east cliff, just downstream from the downstream outline the dam, which 
accounted for about 50,000 cubic yards rock within the design limits the 
dam. Later well drill, dynamite shot similar proportions was pulled 
the east bank just upstream from the upstream outline the dam and re- 
sulted approximately the same volume rock within the confines the 

With this level elevation 634 effected side dumping, and the river 
diverted through the tunnel, second lift rock fill was then started. This 
lift was built constructing trestle above the 634 level elevation 704 
across the valley along the axis the dam. From the level this trestle 
rock cars were dumped for the full length the trestle, the material being 
allowed drop until the natural angle repose had reached the trestle 
level after which track was shifted both upstream and downstream until the 
fill met the required design outlines the dam. 

When the 704 level lift had been completed, similar trestle was erected 
above this elevation 774 and the rock fill was dumped from this level the 
same from the lower level. The 774 level trestle shown Figure 
The final crest elevations 780 the ends and 785 the highest point were 
obtained jacking track. 

Throughout the filling operations, sluicing monitors were used sluice 
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DIX RIVER DAM 


FIG, 6.—SIDE FROM WEST SIDE 


FIG. VIEW SHOWING LEVEL COMPLETED AND START TRESTLE 
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DIX RIVER DAM 


down the However candor must concede that this operation comparison 
with the volume fill placed was probably not effective was intended 
be. 

All rock was hauled from the spiliway area except that produced thetwo 
east side shots which accounted for hardly more than 100,000 cubic yards and 
small amount from east side quarry which was soon abandoned un- 
economical operation. Except hold 250 foot channel width and 800 foot 
lip length, the spillway grades were varied suit the amount rock required 
complete the fill and surpass the gradient required pass floods. 

Simultaneously with placement the fill, the derrick-laid section the 
dam was being constructed. Rocks weighing from tons each were se- 
lected from the fill and hauled the section cables and chains fromder- 
ricks set along the face. These rocks were set line and others 
similar size were placed behind them, the entire section being chinked with 
spalls and rock hammered into tight mass. section through this derrick- 
laid rock shown Figure was contemplated originally that sufficient 
supply large rock would available from the spillway excavation build 
the entire derrick-laid section the dam. However shortage face rock 
adequate size became apparent when about half the face had been con- 
structed. Rock roughly foot cubes was imported from the Bedford, 
Indiana limestone quarries for facing purpose, same being culls from the 
building stones quarried there. 

The cutoff trench was excavated the limestone rock level seem- 
ably hard and tight rock accordance with the plans depicted Figure 
The trench was filled with concrete the upstream face line the dam. 
Reinforcing steel was embedded the cutoff trench extend into the concrete 
diaphragm which was poured directly the derrick-laid stone. Grout pipes 
were also left place. Figure shows the west side cutoff trench excava- 
tion, initial top form, reinforcing steel and grout pipes. 

top form 3-inch Tongue and Groove timber was used for placement 
this reinforced concrete diaphragm. was anchored and left place be- 
tween the cutoff wall and elevation 670, the estimated minimum level the 
drawdown. Above elevation 670 the timber was removed after concrete had 
cured. Reinforcing steel this slab was 1/2 each direction. Figure 
shows details the concrete diaphragm, reinforcing steel and timber 
sheeting. Concreting operations for this face slab are shown Figure 12. 

Vertical recesses were built into the derrick-laid rock, inches wide 
inches deep, and feet centers depicted Figure 13. These were 
filled with concrete and include inch rib protruding upward the depth 
the face slab. These ribs were heavily reinforced and equipped with expand- 
able copper water stops extended into the slab with inch cork board between 
the rib and the slab and with tarred felt over the bearing surface the 
sleeper. Horizontal expansion joints were similarly built elevations 550, 
600, 650 and 700 shown Figure 14. These consisted recesses the 
rock inches wide inches deep, filled with concrete, well reinforced 
and with tarred felt over the sleeper over which the face slab rides. 
copper seal connects the face slabs and inch cork board separates the seal. 
Concrete slabs were therefore feet feet varying thicknesses and 
waterstop joints between the ribs and the slabs were gage copper sheets. 
Figure shows the recesses for the vertical and horizontal joints the 
derrick-laid masonry. 
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FIG, CUTOFF WALL 
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FIG, TRENCH CONCRETING OPERATIONS 
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FIG, FACE SLAB 
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continuous over other joints. 


FIG, 14.—DETAIL HORIZONTAL EXPANSION JOINT 


FIG, MASONRY FILL. (NOTE HORIZONTAL 
AND VERTICAL JOINT RECESSES) 
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Foundation Treatment 


The site geologically situated the Inner Blue Grass Region. The Dix 
and Kentucky Rivers have cut deep narrow gorges lime-stone and shales 
the Black River Ages. The oldest Black River beds are exposed the bed 
the river and for distance about feet the side the gorge. 
The unit consists pure, thin-bedded, with thin in- 
terlayers calcareous shale and two thin layers yolcanic clay bentonite. 
Younger Black River rocks are present the higher parts the abutments 
and overlying Trenton rocks are beneath the surrounding upland. This unit 
composed light dark blue-gray limestone with thin interbeds gray shale. 

Structurally the rocks are generally flat lying but with gentle southward 
dip and only local open folds break this general trend. Two sets 
joints are prominent which tend divide the bedrock into cube-like blocks. 
Both sets joints have nearly vertical dips. The north-south trending set 
the most conspicuous the damsite since its trend approximately par- 
allel'to the river and the individual joints are longer than the east-west trend- 
ing set. 

Weathering along such struciural features bedding planes and joints are 
the only defects the bedrock the site. The limestones the site have 
been exposed weathering for long time and therefore system bedding 
plane seams and open vertical joints has been developed great depths 
the abutments and moderate depths the river bed. Most these seams 
and channels are largely filled with residual cave clay left after the solu- 
tion the impure shaly limestones and likely that the clay filling has 
washed out many these seams. 

Because the foundation rock was limestone susceptible solution channels 
and cavitation, drilling and grouting program was pursued. Holes were 
inches diameter and 8868.4 feet were drilled. These were grouted using 
4794 cubic feet grout. present day standards this program was prob- 
ably insufficient but certainly was substantially improved operation 
time. Shot drills, which were slow and cumbersome, were used. Thirty-one 
(31) holes feet centers were drilled averaging 215.3 feet deep and 
grouted with air pressure type grout machines. Twelve (12) intermediate 
holes, feet centers with the primary holes, averaging 109.1 feet were 
drilled and grouted. Eleven (11) other intermediate holes bringing the spac- 
ing feet and averaging feet deep and five foot center holes averaging 
34.4 feet deep were placed areas large grout takes the primary and 
secondary holes order build grout curtain throughout. All holes 
were drilled under the cutoff trench and under the spillway structure. Certain 
horizontal seams were found and these largely determined the depths the 
intermediate 

Because the number open crevices, grouts made from ordinary 
concrete sand and cement were used some cases and probable that 
these grouts often did not fill the openings completely was intended. 
also likely that certain amount segregation was experienced. Grouting 
procedure was run the first bags cement with mixes 1/2 cubic 
foot cement 1/2 gallons water. The next bags cement were 
run mixes one cubic foot cement per 151/2 gallons water. There- 
after sand was added mixes cubic foot cement 1/2 cubic foot 
sand and finally 1:1 until the hole closed off. Holes were grouted from 
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DIX RIVER DAM 


single setting the top the hole. diagram the original grout holes 
shown Figure 


Leakage 


With the fill elevation 774, derrick-laid rock elevation 634 and above, 
and the concrete apron elevation 634, the gate the intake tower the 
diversion tunnel, Figure 17, was closed and water from general rain was 
stored for initial operations. Figure shows the project just before closure. 
Shortly thereafter certain leakage was found exist the downstream toe 
the dam near the river level. The water was generally clear and presented 
apprehensions insofar dam stability was concerned. This leak still 
persists even some years later. the water level the reservoir was 
raised certain other leaks have also developed along the east and west banks 
and one the downstream end the tunnel. 

various times between 1925 and 1944 drilling and grouting operations 
were undertaken, using cement and some asphalt grout small 
scale. The sources leakage explored with audiophone equipment and 
dyes. One source substantial «age was indicated comparatively low 
level near the intake tower the sonic device. Other sources were found 
along the face the dam the joints the slabs and the ribs. Large quan- 
tities cinders were dumped the face and the corner near the intake 
1936 and measure showed marked temporary improvement the leak- 
age, 

However 1944 the main leak, measured weir adjacent the power- 
house, showed leakage cfs under 235 feet head. Other leaks under 
212 foot head were measured coming from the tunnel and east and west banks. 
These were cfs, 8.5 cfs and approximately cfs respectively. Sources 
this leakage had been traced some areas along the east cliff near the intake 
tower and, although not firmly established, there was evidence that some 
leakage originated from the west bank and through the apron the dam. 

the same time (1944) was decided attack the foundation leakage 
problem orderly fashion and several patterns holes were laid out the 
spillway area for the purpose establishing possible leakage paths through 
the west abutment. These holes were drilled levels below the riverbed and 
dye tested for leakage. Some them showed connections, the dye 
showing along the west bank the river downstream from the powerhouse 
and the weir. These holes were grouted with cement and asphalt appli- 
cable. 

Another pattern holes was laid out the east bank, drilled, tested and 
similarly grouted. few these holes showed leakage the weir and 
points along the east cliff low levels. Measurements were made the 
weir, intermediate places between the weir and riffle approximately 1200 
feet downstream, this riffle, intermediate places between the riffle and 
cableway measuring station approximately 1800 feet downstream from the 
riffle and the cableway station. Records the leakage measurements 
dates and existing heads were made and the percentages decreased leakage 
all these stations for different increments head were computed. For 
heads from 220-230 feet, the average decrease was 20% result work 
done during the period between 1944 and 1956. For heads between 210-220 
feet, the decrease was 29%. For heads 200-210 feet, leakage was reduced 
18% and for heads between 184-200 feet the decrease was 38%. practically 
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(a) DEVELOPED PROFILE 


(b) PLAN UPSTREAM PORTION DAM 


FIG, DRILLING AND GROUTING 
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DIX RIVER DAM 


FIG. 17.—INTAKE TOWER CLOSURE GATE, (NOTE EAST SIDE CUTOFF WALL) 


FIG, 18.—UPSTREAM VIEW DAM JUST BEFORE CLOSURE 
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each case the extremes were not too far removed from the norms. Table 
self explanatory. 


TABLE REDUCTION LEAKAGE, 


Head 
Differential, 
Feet 


220-230 
210-220 
200-210 
184-200 


Accounted 
for 
Riffle 


The only continuous leakage measurement over range heads avail- 
able the weir which also the predominant leak. graph showing the ef- 
fect the drilling and grouting work shown Figure 19. 

this work progressed became obvious that some type maintenance 
program should established arrest this leakage. Even the leakage 
could not completely eliminated once continuing grouting program 
should successful the ultimate correction this leakage and the mean- 
time its effectiveness reducing the leakage least keeping from in- 
creasing was recognized. This was done and the work continues. The results 
are times very positive other times they indicate only that holding 
action has been established. any case, the effort and the expenditures seem 
amply justified because examination the records and results indicates 
that without this work the leakage was prone have increased greater 
proportions than the reductions actually affected. The effectiveness can there- 
fore not measured accurately dollars and cents but the need for the work 
established fact. 

1944 certain leakage was coming from the This increased year 
year until the leakage the downstream tunnel portal had reached such 
proportions 1949 that was decided undertake some remedial work 
this end the tunnel, working downstream from the penstock plug. The 
work had hardly begun when the water under pressure broke out portion 
the rock below the invert and the east the concrete lining just up- 
stream from the concrete plug that holds the penstocks. was necessary 
close the intake tower gate and discontinue operations while this major 
repair was being made. However leakage this location had bearing 
the other leakage correction work except that the leak developed bentonite 
seam near the invert the east side the tunnel just upstream from the pen- 
stock plug. 

This repair consisted clearing out all debris, rocks and other accumu- 
lations, replacing the lining and filling the cavity with concrete. Furthermore 
the plug was lengthened feet upstream with formed concrete penstocks 
this new section connecting the existing steel penstocks. The entire plug 
section, now feet long was then drilled radially with holes feet into rock, 
16-18 holes being spaced approximately equally around the periphery the 
tunnel and 7-10 feet centers longitudinally. These holes were drilledfrom 
inside the penstocks and grouted refusal with neat cement grout under 
60#/sq. in. pressure immediately after each was drilled. total 119 holes 
were drilled saturate circle feet diameter from the centerline 
the tunnel, and 2360 cubic feet grout were used for this operation. 
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DIX RIVER DAM 


The repair has been highly satisfactory and since was completed there 
has been leakage the downstream tunnel portal. 


Settlement 


Figure shows the derrick-laid section and the concrete apron nearing 
completion the crest the the time construction series 
copper pins was established the face concrete the crest and elevation 
725 record settlement the dam. From time time readings the el- 
evations and horizontal positions these pins were taken. limited number 
readings could obtained elevation 725 due the water level the 

The significant point about settlement and lateral movement the fill 
downstream that still taking place after years both the crest and 
elevation 725. Although there exist few inconsistencies the settlement 
readings, the trend uniformly along parabolic curves. The inconsistencies 
are such minor nature readily accounted for spot readings 
the field 

upstream elevation the dam and actual elevations the crest are 
shown for various years Figure 21. This figure also shows the relative 
vertical settlement four typical stations for readings taken both the crest 
and Elevation 725. Differential settlement and horizontal displacement 
the crest are shown Figure The readings that could obtained show 
vertical settlement and horizontal movement Elevation 725 are shown 
Figure which also shows the relative horizontal displacement the dam 
two typical sections for readings taken the crest and Elevation 725. 

Some general deductions may made from the settlement records. 

expected, the greatest settlement (and downstream movement) has 
taken place the deepest sections, the crest measuring stations, 
maximum vertical settlement was 4.22 feet from 1925 1957 1.57%. 
The maximum downstream displacement this level 3.19 feet during 
the same period, 75.5% the vertical settlement. 

Judging from the shape the settlement curves, additional settlement 

reduced increments will continue over the next years. Having 

superelevated the dam feet the deepest section when was con- 
structed was therefore very good estimate the settlement expectancy. 

Settlement and movement downstream the 725 level less than the 

crest (785-780) was expected. Also incremental settlement and 

downstream displacement are less than the crest after the years, 
another anticipated feature. Maximum vertical settlement this level 
during this period time 3.60 feet 1.71% and corresponding maxi- 
mum horizontal displacement 2.60 feet, 72% the vertical settle- 
ment, 

general can said that the settlement and horizontal displacement 

behaviors are rational although extending over much longer period time 

than what perhaps was originally envisioned, However since the original 
superelevation was 1.85% the height the dam, will still some time 


before the settlement catches with the depth settlement originally pro- 
vided for it. 
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DIX RIVER DAM 
Face Slab and Derrick-Laid Masonry 


There way ascertain the condition the concrete face slab below 
low water level, elevation 670, without draining the reservoir. Similarly 
inspection the condition the derrick-laid masonry section possible be- 
cause covered the face slab. 

recent years the lowest water level attained has been elevation 696 
the fall 1946 and between September and December that year, detailed in- 
spections the face slab and particularly the vertical and horizontal joints 
were made between elevations 725 696 the water level dropped. 

The results this inspection indicated numerous breaks the vertical 
and 700 horizontal joints. The copper seals were pulled loose number 
places. The concrete ribs forming the vertical joints were broken num- 
ber cases the lower levels and there was audible leakage below elevation 
696 substantial number joints. Also there were quite few cracks 
the face slab varying from hairline cracks open cracks, the latter occur- 
ring along the east cliff where vertical movement augmented horizontal 
movement both downstream and along the axis due the steepness the east 
cliff. 

The greatest significance this investigation was that the face condition 
was more seriously impaired progressively the lower levels where water 
pressures and weight the structure are greater. Conversely the upper 
portions the face are exposed greater temperature changes when exposed 
the sun and the weather than those areas below water level. However the 
vertical and horizontal movements the dam cause the slab pivot around 
horizontal joints and the joint between the face slab and the cutoff wall 
that some opening these joints potential leakage not only possible but 
also highly probable. 

While not any immediate hazard nor economic liability, recog- 
nized that some time the future, the plant will have shut down and the 
face completely repaired. more complete and up-to-date 
grouting program under the cutoff trench should also undertaken. 


Reservoir Silting 


Only one reservoir silting survey has been made the Dix Reservoir. 
was made 1941 the Conservation Service the U.S. Department 
Agriculture. Over the years reservoir life 1941, the reservoir vol- 
ume had been decreased 1.25% average 0.08 percent per year. 
Because only one measurement has been made, means certain that 
this rate will maintained. Other measurements would helpful estab- 
lishing the silting rate for this reservoir. 


CONCLUSIONS 


Built cost approximately $7,000,000, the project has been eco- 
nomic success, averaging output approximately million kwh per year. 
Originally was used base load plant but recent years larger 
steam generating stations began replacing hydro stations base load plants, 
the value this project has become even greater peaking station which 
its present function the system operations. 


LAWTON DIX RIVER DAM 


Dix Dam causes the impounding water for hydroelectric energy purposes. 


Furthermore the City Danville, Kentucky, State Hospital and the 
Brown steam generating station are dependent the lake for their water 
supplies and numerous fishing and recreational camps have been built the 
shores the lake. For these reasons not readily feasible drain the 
reservoir, inspect and repair the face and remedial foundation treatment 
under the cutoff trench. that end the choice faced rock fill dam ina 
limestone region for power and other multi-purposes should probably dis- 
couraged although for other purposes, where the reservoir can drained 
periodicaliy, locations where there danger foundation leakage, 
rock fill dam should function satisfactorily and all likelihood can built 
economically. 
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DISCUSSION 


shots the east cliff which each about 50,000 cubic yards 
rock within the confines the dam. Would the author care indicate 
whether these mass movements rock, although only small part the 
total volume the dam, have contributed leakage the surfaces 
which the movements were deposited? 

The author’s deductions from the settlement records are extremely sig- 
nificant, especially that indicating settlement and downstream movement may 
well continue over period some years more. This demonstrates 
the merit constructing high rockfill dam with moderate convexity up- 
stream. 


Engr., Power Aluminium Laboratories Montreal, Canada, 
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This continuing settlement and downstream movement can only occur 
through the crushing point contacts the coarser rockfill and slow con- 
solidation. would interest know the physical properties the rock 
and there has been any deterioration since the dam was built. 

The experience Dix dam demonstrates clearly the difficulty securing 
trouble-.ree concrete facing high rockfill dam. 

would add materially the value the paper the author could indi- 
cate the total maintenance costs for the Dix rockfill dam since was built. 

The author congratulated noteworthy contribution engi- 
neering knowledge rockfill dams, more particularly since the paper 
covers some years observation following construction. 


SCHMIDT, ASCE.—Mr. Lawton his discussion requests 
comment whether the two large east cliff shots contributed leakage 
the surfaces which the rock resulting from these movements was deposited. 
not likely that this the case because practically all the overburden 
the deposited areas had been removed and the rock from the shots above 
fell moved down with substantial impact that must have had some settling 
influence. can stated, however, that the sluicing operations were not 
effective they should have been for smaller lifts and therefore were much 
less effective for the greater volumes deposited momentarily. 

Parenthetically, the large shots are believed have had much greater 
detrimental effect virtue the concussions created, which loosened blocky 
rock formations and opened potential paths for sidehill leakage. This effect 
was noticeable particularly the tunnel after the blasts, where considerably 
more scaling was required, particularly the crown the arch than would 
have been necessary had the blasts not been pulled. This known because 
the tunnel had been dug when the first blast was made but had not yet been 
concrete lined. 

The physical properties the limestone rock Dix are follows: 
dense, compact finely crystaline, light gray rock. Its unconfined crushing 
strength would the range 10,000 20,000 pounds per square inch. 

The small portion silt and clay impurities forms coating the rock after 
long exposure giving characteristic drab gray color. There has been 
apparent deteriation the rock the visible portions the fill, nor the 
abutting cliffs. 

Unfortunately actual maintenance costs for this structure are not available. 
Except for the drilling and grouting and some minor patching the concrete 
face, maintenance such has required only minimum expenditures. However 
the tunnel repair occasioned substantial expenditure all one time when 
failure occurred. possible that this work could have been spread out 
over several years maintenance and the obvious ultimate failure averted. 
However the for electric energy during and immediately following the 
war years practically precluded such maintenance work because would have 
meant shutting the plant down while the work was being done and every possi- 
ble kilowatt energy was needed for production until other planned generating 
could constructed and placed operation. 


Pres., Schmidt Eng. Co., Inc., Chattanooga, Tenn. 
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TRANSACTIONS 


Paper No. 3064 


ROCKFILL DAMS: 
COGSWELL AND SAN GABRIEL DAMS 


Paul Baumann,! ASCE 


With Discussion Messrs, Brown; John Spielman; 
Lawton; Claude Fetzer and Knight; 
Harris Porter; and Paul Baumann 


SYNOPSIS 


Features special interest attending the design, construction, and per- 
formance two rockfill dams 280 and 380 feet height, more less, are 
treated this paper. Particular attention paid such novel features 
the design and construction have proved advantageous and success- 
ful well those which, ingeniously, though they may have been conceived 
the designer, were found undesirable, not detrimental. The princi- 
pal reason for the latter was the fact that conditions the field failed fully 
conform those anticipated. Through frank discussion thereof hoped 
avoid repetition and thereby render service the profession. 


INTRODUCTION 


The San Gabriel and Cogswell Rockfill Dams the Los Angeles County 
Flood Control District, formerly and perhaps better known San Gabriel 
Dams No. and No. serve the dual purpose flood control and water cor- 
servation. shown Fig. they are situated the main trunk and the 
West Fork the San Gabriel River Los Angeles County, California, which 
carries runoff from the San Gabriel Mountains the sea. Their respective 
drainage areas comprise 163.5 and 39.2 square miles. They have the 
distinction differing 100 feet height and 1000 feet elevation above 
sea level, round figures. Design and construction Cogswell Dam pre- 
ceded those San Gabriel Dam. Hence, Cogswell Dam will treated first. 
Furthermore, the performance Cogswell Dam has far only been treated 


essentially printed here, June, 1958, the Journal the 
Power Division, Proceedings Paper 1687. Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 

Asst. Chf. Engr., Los Angeles County Flood Control Dist., Los Angeles, 
Calif. 
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fragmentary discussions paper(2) whereas the performance San 
Gabriel Dam was quite completely treated the writer.(3) 

avoid confusion the original names these dams, namely San Gabriel 
Dams No. and No. were adhered preparing the exhibits accompany- 
ing the text, that the majority thereof were taken from widely distributed 
specification drawings these dams. 


Performance Cogswell Dam 


Exploration 


Exploration the foundation the proposed dam was conducted the 
Flood Control District through diamond drill holes, tunnels, shafts, and 
Respective information was made available bidders. Through 
this exploratory work the general foundation characteristics were reasonably 
well established. Isolated variations therefrom which had anticipated 
under existing conditions this dam site necessarily remained dis- 
covered and dealt with the course construction. 


Design and Specifications 


The specifications provided the material for the rockfill consist three 
classes and large rock with maximum size the downstream face 
and toe, and with derrick placed rock, commonly known packed rock, im- 
mediately below the facing. The character all rock was sound, hard, 
durable, angular quarried rock, weighing not less than 160 pounds per cubic 
foot unaffected air and moisture and such toughness 
withstand dumping without undue shattering breakdown; and have mini- 
mum compressive strength 5000 pounds per square inch (p.s.i.). 

Class rock, for general use throughout the main fill the dam, was 
well graded mixture, per cent which vary weight from quarry 
chips 1000 pounds, per cent from 1000 3000 pounds, and the remain- 
ing per cent from 3000 14,000 pounds. addition, this mixture was not 
contain more than per cent its total weight quarry dust and the maxi- 
mum dimension any piece was not more than three times its minimum 
dimension. 

Class rock was selected extra large rock one-half which weigh 
not less than 14,000 pounds and the other half not less than 6000 pounds each. 
The greatest dimension each piece was not more than four times its 


“The Design Rock-fill Dams,” Galloway, ASCE, Transactions, 
ASCE, Vol. 104, 1939. Discussions Cecil Pierce and Paul Baumann. 
“Design and Construction San Gabriel Dam 1,” Paul Baumann, 
ASCE, Transactions, ASCE, Vol. 107, 1942, 
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least dimension. This rock was placed the downstream toe and the 
downstream face the dam. 

Class rock was vary weight from quarry chips 14,000 pounds, the 
relative proportion the various sizes regulated according the re- 
quirements placing result packed rockfill maximum density. 

The source all rock was quarry one and one-half miles upstream 
from the dam site opened the Flood Control District Devils Canyon, 
tributary the West Fork the San Gabriel River (Fig. 1). This rock had 
been tested and found satisfy the above requirements. granitic 
gneiss. Typical test results averages 211 tests were follows: 


Specific 2.80 174.7 p.c.f. 

Moisture content when saturated: 0.45 per cent 
Breakdown due max. feet drop: 5.04 per cent 
Compressive strength: 6629 p.s.i. 


Loose rockfill was placed lifts not exceed feet. was 
spread approximately level and parallel the axis the dam. Placing 
the fill from the abutments toward the center and thus leaving gap near 
the center was not permitted. Due scarcity stream flow (1932), 
sluicing for consolidation the loose rockfill was not provided. 

Packed rockfill was placed that the natural bedding planes were 
between horizontal surfaces and surfaces approximately normal the face 
the dam. Great care was taken the construction this packed 
rockfill and particularly the keying into the loose rockfill below. 

Stream diversion during construction the dam was accomplished 
through the outlet tunnel shown the plan view Fig. Hence, this tunnel 
was constructed first. 

The spillway, capable carrying the maximum flood peak 56,000 c.f.s. 
that reasonably anticipated, was located cut through the right 
abutment the dam shown the plan view Fig. and profile and sec- 
tions Figs. 2b, andd. reinforced concrete arch bridge, not shown 
Fig. 2a, was provide access the dam from the main road the south. 
Capacity and area curves the reservoir are shown Fig. 2c. 

shown Figs. 3a, and the maximum cross section, profile along 
center line crest, and projected plan upstream face the dam, the de- 
sign followed conventional features rockfill dams except for the facing slab 
which was intended have greater flexibility than the more conventional type 
facing slab. Fig. shows details and this facing slab, the dis- 
tinguishing features being the lamination the slab proper, its anchorage 
the sub-slab, and attachment the floater slab which turn was hinged 
the cutoff wall. Through this arrangement, was hoped provide sufficient 
flexibility for the slab adjust itself residual settlement the dam over 
period years its initial performance. 

The salient provisions were follows: sub-slab placed directly the 
packed rock 30-foot squares with six-inch open joints between the squares; 
anchor bars set the packed rock protruding through the sub-slab and serv- 
ing anchorage for the laminated facing; the number laminations the 
facing varying between five the toe the dam for concrete, four for 
shotcrete (gunite) two the crest for either concrete shotcrete; 
recesses the packed rock provided points anchorage which were 
made integral part the sub-slab form spurs prevent slippage. 
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CREST DAM 


FIG, 3.—CONTINUED 
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Perhaps the most novel feature was the floater slab hinged the cutoff 
wall shown detail Fig. 4d. obvious that for this floater slab 
rotate around the hinge which was formed short lengths in. extra 
heavy pipe, the rock underneath described “small round stone” (under 
Class rock) would have yield. Furthermore, such yield would have 
proportional the distance from the hinge create uniformly dis- 
tributed bearing pressure the floater slab and thereby avoid critical bend- 
ing stresses. While this requirement should reasonably satisfied along the 
base the dam, along the abutment was because the un- 
avoidable shattering and sloughing the rock due blasting connection 
with benching and trenching for the construction the cutoff wall. Hence, 
instead the ideal rock section the base shown Fig. (solid line), 
the actual section the abutments could readily turn out conform the 
one indicated dash line. Therefore, the small round stone fill support- 
ing the floater slab next the cutoff wall could act fulcrum due its 
shallow depth compared the much greater depth with increasing dis- 
tance toward the rock face from the cutoff wall and therefore from the hinge. 
For small residual settlement and deflection the rockfill, especially 
result full water pressure the facing, this fulcrum effect could have been 
relatively harmless and the stresses the floater slab could well have been 
within allowable limits. However, result major settlement and deflec- 
tion, the floater slab would unable rotate freely and follow the deflec- 
tion the facing because the fulcrum support. This could only lead 
over-stressing and cracking the top the floater slab near the hinge. 

also shown Fig. 3a, the design provided for the excavation the 
stream bed materials and for the placing the all 
the contact surfaces the dam. These contact surfaces were 
stripped rock sufficient strength support the rockfill the dam. The 
cutoff along the entire contact line the face the dam was car- 
ried sound rock and was grouted along its entire length form 
effective water seal. (See Fig. 

The outlet works, shown Fig. were arranged form circular, in- 
clined shafts varying between and net inside diameter connected 
the circular outlet tunnel, feet net inside diameter, which, previ- 
ously mentioned, served diversion tunnel during construction. Each the 
four inclined shafts was controlled 84-inch butterfly valve, pro- 
tected cage-type trash rack with 6-inch bar spacing. addition, two 
84-inch butterfly valves were provided the upstream portal the main 
tunnel likewise protected cage-type trash rack structure. All butterfly 
valves were hydraulically controlled from the gate house shown Fig. 
2a. (Actually the gate control house was located the right south side 
the spillway.) Water supply adequate pressure for the operation the 
valves was provided through storage tank above the south right abutment 
elevation 3230 with water surface elevation 3236. Thus, the water pres- 
sure the lowest butterfly valve was 459 p.s.i. For the supply water 
the tank, pump station near the lower portal the main tunnel was pro- 
vided. Vents for all butterfly valves were likewise provided (Fig. through 
pipes anchored the cliff the right abutment with the air intake structure 
elev. 2408.5 10.5 feet above highest water level the reservoir. 

check qualitatively the complex hydraulic computations attending the 
outlet works, model tests were performed. The model, was made trans- 
parent, plastic material which permitted close observation possible 
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cavitation other undesirable features under various operating conditions. 


Construction 


Construction Cogswell Dam started March, 1932 and progressed ac- 
cording schedule until the Spring 1933. this time, difficulties were 
encountered the finding satisfactory rock which terminate the cut- 
off wall approximately elevs. 2235 and 2320 the south right 
abutment. This distance indicated Fig. 3b. Further placing rockfill 
against this reach the abutment was halted the California State Engineer 
pending additional deepening the cutoff trench quest satisfactory rock. 
Meanwhile, however, the placing rockfill continued along the left abutment, 
leading slope, corresponding the angle repose the dry rock 
indicated dash line Fig. 3b. Hence, the very condition was thereby 
created which, according the specifications, was avoided. 

After further deepening the cutoff trench did not reveal satisfactory 
rock and the fill and adjacent the north left abutment had reached the 
crest the dam, was decided proceed with the pouring the cutoff wall 
the reach question and subsequently complete its base through tunnel- 
ing and stoping. This arrangement made possible fill the V-shaped gap 
dumping the rock from the completed level, thus initially from much 
greater lift than the maximum feet provided the specifications. Under 
these conditions, arching between the fill slope and the abutment wall was 
unavoidable. 

The contractor chose the use shotcrete (gunite) alternate con- 
crete for the sub-slab and the laminated facing well for the lining the 
inclined shafts the outlet works. Construction the facing followed the 
placing the rockfill and the packed rock part thereof, with minimum 
necessary lag and December 1933 had been about per cent completed. 

December 31, major storm swept from the Pacific Ocean which 
noon January 1934 had yielded 15.07 inches rain the dam. The ap- 
plication this natural lubrication the dry rockfill caused the latter 
settle, especially that part dumped the gap the right abutment. Im- 
mediate settlement there amounted some per cent. Vertical settlement 
was accompanied slight bulging the upstream lower half the dam, re- 
sulting damage the laminated facing and the sub-slab, particularly near 
the abutments. The packed rock section which effect was inclined, dry 
rock wall resting the dumped rockfill below, could not follow the settle- 
ment the latter because its greater rigidity. Consequently, the packed 
rock section buckled, thereby adding the destruction the facing that 
which would have occurred had the settlement been entirely plastic. 

Pending appraisal the damage and preparation remedial measures, 
the contract work came standstill. 

The storm reversed the water supply from deficient abundant. Thus, 
water ample volume was now available for artificial sluicing the rock- 
fill. This was accomplished drilling holes through facing and sub-slab, 
setting pipe with fire hose connectors into these holes, and pumping clear 
water into the rockfill hasten final settlement. After several months 
this sluicing the afore-mentioned, maximum settlement per 
cent had been increased per cent. The average residual settlement 
amounted 4.5 per cent. nearly stable condition was indicated far 
the influence dead weight was concerned. However, plastic deformation 
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under full water load still had anticipated. 


Separate Contract Work 


The replacement the damaged facing temporary timber facing, 
shown Fig. was undertaken separate contract. This work included the 
removal the laminated facing, the repair the sub-slab and the placing 
the timber facing. Also under separate contract additional rock was derrick- 
placed the crest the dam. Both contracts were completed the Summer 
1935. may seen from details and Fig. the timber fac- 
minimum, random length planks untreated douglas fir, nailed 
provide tongue and groove interlocks all four sides, similar Wakefield 
sheet piling. Roofing nails along the top groove each section provided 
initial clearance 1/4 in. anticipation additional settlement and strips 
galvanized iron were provided cover open joints ends three-plank 
sections. Walers vertical planes anchored the rockfill below served 
hold the facing place and avoid floatation. was expected that all but 
negligible settlements would cease exist within five years from the time 
completion the timber facing, that the latter would last that long and would 
then replaced permanent, reinforced concrete facing more nearly 
conventional design. Actually, the timber facing lasted more than twice the 
anticipated period its lifetime. 


Performance Under Full Water Load 


intense storm between February and 28, 1938, which was followed 
major storm between March and March produced the largest flood 
record Los Angeles County. All the flood peaks occurred March 

Cogswell Dam the peak inflow amounted nearly 25,000 c.f.s., the 
reservoir filled hours and the flow over the spillway peaked 23,400 
c.f.s., although the outlets, with the exception the lowest two, discharging 
directly into the main tunnel, remained operative. The lowest two outlets be- 
came inoperative after the cage type trash rack collapsed because clogging 
water-logged trash. 

The leakage through the timber facing and the dam reached maximum 
130 c.f.s., whereas, calculations, based uniform porosity, indicated that 
leakage for full water load might reach 200 c.f.s. which would still have been 
less than the rate leakage that might prove critical. Due the 
swelling the timber facing the leakage was smaller for full than for partial 
water load. 


Damage Floater Slab 


While the timber facing suffered structural damage under full water 
load, the floater slab both abutments developed crack, extending from the 
base the dam roughly one-half its height. This was due bending 
stresses caused the afore-mentioned fulcrum effect. The reinforcing 
steel near the top the slab was either stressed beyond its elastic limit 
had broken the bond shearing off form spall, the concrete cover. 

either case the crack was such width contribute materially the 
leakage through the dam. Fig. shows the crack question near the base 
the left abutment. 
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SAN GABRIEL DAM NO, 


FIG, 7.—FLOATER SLAB FAILURE NEAR BASE LEFT ABUTMENT 


FIG, 8.—PARTIALLY COMPLETED TOWER TYPE TRASH RACK 
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Revision Trash Rack 


The collapse the main trash rack called for the change from the cage 
type the riser tower type trash rack, partial completion which 
shown Fig. This was accomplished 1939 District forces. The 
reinforced concrete structure was designed support 340 feet water 
column the base, whereas the trash rack bars were designed for 224 feet 
water column, although the design the trash rack was such render 
clogging extremely improbable. shown Fig. the bars were fabricated, 
tapered box sections with clear spacing 15.0 in. the outside and 15.2 in. 
the inside. Hence, any piece trash clearing the outside spacing will 
move through without danger wedging the bars. 

During the flood which culminated January 23, 1943 the tower type 
trash rack performed full satisfaction, although the trash produced was 
quite comparable volume with that the March 1938 flood. 


Control Outlets 


The design the valves for the control the outlets followed the im- 
portant requirement for flood control operation relative invulnerability 
clogging trash having passed between the trash rack bars. Accordingly, 
“rule thumb,” the minimum valve opening should about twice the maxi- 
mum trash bar spacing. This rule was satisfied all outlets including the 
two 84-inch butterfly valves, protected the tower trash rack. There is, 
course, harm done the trash rack spacing less than one-half the 
minimum valve opening, long the trash racks are properly designed for 
water pressure light the increasing likelihood clogging with diminish- 
ing bar spacing. However, for reasons economy flood operation, 
desirable have much trash possible carried through the outlets the 
water and thereby save the expense manual removal. Obviously, trash such 
logs that could cause serious damage structures facilities below 
flood control dam, should not permitted pass through the outlets. Exempt 
from this restriction naturally uncontrolled spillway flow. 

The control the outlets Cogswell Dam, while advantageous for flood 
operation proved less desirable for operation connection with water con- 
servation. This was because the fact that butterfly valves are not stable 
for part opening, that they should either fully closed fully open, and 
that when fully open the discharge may far excess that desired. 
make release small flows possible, the lowest the inclined shafts was 


converted 1953 District forces, outlet controlled 16-inch hol- 
low jet valve. 


Permanent Reinforced Concrete Facing 


The design the permanent, reinforced concrete facing, constructed 
1947 under contract, evident from details shown Fig. 10. preserve 
the integrity the facing case additional settlement, possibly due 
combination full water load and earthquake forces, special attention was 
paid the copper water seal, particularly junction points three and 
four seal sections. This was solved brazing these sections semi- 
spheric shell which could stand considerable distortion without rupture. The 
facing was again articulated square units except near the abut- 
ments where the shape the units had adapted the respective 
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configuration. The reinforced concrete facing was terminated along the 2375 
contour and the portion above constructed rock District 
forces 1948. 


Initial and Residual Settlement 


brief review the shrinkage and settlement the rockfill, during and 
after construction, should prove interest the profession and possibly call 
for caution far rockfill dams major dimensions are concerned. The 
contractor chose haul the rock from the quarry the dam fleet 
trucks nominal cu. yds. capacity, capable carrying cu. yds. The 
average volume per truck amounted 11.5 cu. yds. Exact count trucks 
delivering rock the dam was kept and the rockfill measured after placing. 
Thus, was possible derive the relation between truck count and yield 
volume fill the dam various elevations. The result shown Fig. 11; 
namely, that the yield each truck load was 11.3 cu. yds., for the first 25- 
foot lift and only 9.4 cu. yds. the time the dam had reached its maximum 
height. This corresponds shrinkage consolidation during construction 
roughly per cent. Residual settlement per cent previously men- 
tioned, raised this figure maximum per cent and average 22.5 
per cent. 


Significance Settlement 


Loose rock the truck, weighing 105 p.c.f. (based 174.7 p.c.f. solid 
weight and per cent voids exclusive quarry dust) had consolidated 
weigh 128.0 p.c.f. average the dam during construction and 135.5 p.c.f. 
subsequent thereto. Bulging the lower half the upstream face, previously 
mentioned, was too small have had appreciable effect the latter 
figure. Hence, void space had decreased from 26.7 and 22.5 per cent., 
respectively. The shrinkage during construction was primarily due the 
crushing contact points, chips and small rocks with resultant swelling 
the crushed material which could only find room the voids. While this 
transfer materials the voids obviously did not change the total weight, 
increased the average unit weight decreasing the size the voids. This 
situation was accentuated through the residual, that post-construction, 
settlement which could only take place through additional compression the 
crushed material the voids once point contact had been eliminated. Indeed, 
the transmission pressure through the compacted material the voids 
the pre-requisite for final stability rockfill further crushing con- 
tacts thereby neutralized. visualize rockfill dams major height 
mass large rock with large interstices throughout therefore myth. 

The permeability the fill, particularly the lower part the dam was 
necessarily reduced, since consolidation reflected above figures not 
uniform but varies from maximum the base minimum the crest 
the dam. Had, for example, the total specific consolidation been close 
twice the average the base and close zero the top, the void space 
the base capable transmitting significant percolation would have completely 
disappeared. this basis the composite dry density the base the dam 
would the order 156 p.c.f. and the void space per cent. The 105 
lbs. solid material which per cent voids had occupied one cubic foot 
volume prior consolidation during and after construction would now oc- 
cupy .67 cu. ft., more less. now remains ascertained under what 
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conditions the crushed materials, together with the quarry dust could (1) fill 
the voids, and (2) compressed such density would render this com- 
bination materials practically impervious. 

The weight the quarry dust which has far been neglected, must now 
added the weight the crushed materials. The specifications allowed 
per cent the total weight Class rock quarry dust. Hence, quarry 
dust weighed 3.2 pounds. the course shrinkage during construction 
per cent the original 105 lbs. rock remained uncrushed and per cent 
crushed material and quarry dust filled the voids, then the dry density 
the combined materials filling the voids would 118 p.c.f. Thus, accord- 
ance with this premise which seems reasonable, the materials filling 
the void space the base the dam were already approaching impermea- 
bility prior post-construction settlement. The corresponding composite 
dry density, including quarry dust, would 154.5 p.c.f. 

Consolidation due the residual settlement raised the dry density 
crushed materials and quarry dust 132 p.c.f. or, least per cent 
relative density based 40,000 ft. lbs compactive effort. The corres- 
ponding composite dry density, including quarry dust, would 159.2 p.c.f. 
Hence, even specific consolidation the base had been less than twice the 
average for the entire dam, the rockfill there would still far from free 
draining. 

Therefore, rockfill dams major height can means considered 
immune pore pressure, especially the interior the lower part the 
dam where densities would normally greatest. brief, this means that 
core low permeability likely formed such dams whether in- 
tended not. 

Fig. shows the dam with the permanent facing completed. 


Performance San Gabriel Dam 


Original Design 


view the previously mentioned paper the “Design and Construction 
San Gabriel Dam No. the performance thereof will confined those 
features which are contra-distinct relation Cogswell Dam and those 
not included the afore-mentioned paper. Actually the paper refers the 
revision the dam originally proposed. Basically, the original design was 
identical with that Cogswell Dam. However, certain adaptations the ad- 
ditional hundred feet height were necessary, among them the number 
face laminations and the upstream and downstream slopes. Had the quality 
rock, method placing, and shape dam site been identical with those 
Cogswell Dam the shrinkage during construction average for the entire 
section would, accordance with Fig. 11, have been per cent and the 
average total shrinkage 25.5 per cent. Consequently, view above state- 
ment regarding non uniform distribution densities least the lowest 100 
feet the interior San Gabriel Dam, originally planned, would have 
been virtually impervious. Yet, the concept (not necessarily confined the 
subject dams) has been that any leakage through the facing would carried 
away through the mass free draining rock and that uplift the facing 
case rapid draw-down the reservoir could not occur. With rockfill dams 
moderate height and high quality rock relatively free drainage may exist, 
whereas the assumption that some channels would always open for drainage, 
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regardless height, purely speculative and has justification fact. 
Actually, the rock quarried immediately below San Gabriel Dam (Quarry No. 
10) was far inferior quality that Cogswell Dam and proved un- 
suitable for the type structure proposed. The break-down was such that 
the fines predominated. therefore became necessary revise the design 
incorporate the fines the mass the dam. Fines are defined 
particles 1/4 in. size anc 


Revised Design 


Figs. and show the revised design San Gabriel Dam plan and 
section. Conspicuous above all, are the flattened faces and the division the 
section into six zones. Among the latter zone consisting quarry rock 
which had passed through “grizzly” openings, corresponded approxi- 
mately cross section, the original loose rockfill section. The material 
this zone, with rock in. size and fines graded down quarry dust 
averaging some per cent volume, was mechanically compacted 
minimum dry density the fines 120 p.c.f. Actually, this density averaged 
122.2 p.c.f. for zone The composite dry density (rock and fines) averaged 
144 p.c.f. Hence, principle, this quarry material was artificially compacted 
similar density that existed near the base Cogswell Dam due self 
compaction. The zone material was relatively impervious, namely, 
showed percolation rate feet per year under gradient Had 
not been for the earthquake hazard this part the country, zone 
blanket moderately compacted clayey sand loam, would have been 
superfluous. However, under the circumstances, this blanket, treated 
remain plastic, was intended seal possible rupture zone caused 
earthquake. 

Rock best available quality was placed zones and and the face 
zone Otherwise, the rockfill was mixture coarse and fine material, 
roughly graded from finest next zones and coarsest toward the face 
rock zone and zones and 

All loose rock was placed the use cu. yds. water cu. yd. 
rock. Initial settlement, thereby produced averaged per cent. This checks 
the afore-mentioned settiement Cogswell Dam due rain and sluicing 
after dry placing the rock. 

Great care was exercised the construction the cutoff wall which 
varied depth between and feet, more less. Depth grout holes 
averaged additional feet. 

The design the spillway, placed cut through the right west abut- 
ment was similar that Cogswell Dam. Its maximum capacity 290,000 
c.f.s. for the controlled and uncontrolled drainage area 202.7 square miles. 

The diversion tunnel, feet net diameter, served accommodate the 
outlet works shown Fig. 15. Before completion the aforementioned 
flood March 1938 that produced peak inflow nearly 100,000 c.f.s. 
March 1938 and spillway discharge peak 56,700 c.f.s., filled the reser- 
voir hours. deposited over ten million cubic yards debris reaching 
some feet depth the outlet tower. preserve the effectiveness the 
latter, two tiers trash rack were added the Summer 1939. The dam 
proper was completed the Summer 1937, the spillway two weeks before 
the referenced flood, and the outlet works 1939. Under the maximum 
water load the dam deflected downstream 0.11 feet the crest and returned 
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(elastically) within fraction inch its position before the flood when 
the reservoir was emptied. Maximum residual settlement the crest date 
amounts 0.40 feet, .106 per cent the maximum height. 

explore the condition zone and simultaneously ascertain the posi- 
tion the phreatic line, three inch diameter hole was drilled District 
forces 1950 and lined with perforated casing. The location indicated 
Fig. 14. was possible recover cored samples. The average dry 
density these samples was 133.4 p.c.f., and the average moisture content 
7.6 per cent. 

The total residual settlement date the loose rockfill, measured 
vertically above the downstream toe zone amounts 1.57 feet. Fig. 
shows the completed dam and the spillway under construction. 


Epilogue 


The design loose rockfill dam far exceeds simplicity the analysis 
its inner stability. fact, exact stress analysis impossible because 
the singular absence homogeneity and isotropy. Hence, this type dam 
must classed empirical rather than scientific. Yet, the outer and inner 
stability properly designed rockfill dam under static loading cannot 
questioned, nor the stability under both static and dynamic loading once the 
rockfill has fully settled. However, prevent movement face rock under 
dynamic loading, such caused earthquake, the slope the faces should 
flatter than that corresponding the angle repose. Therefore, should 
least the order 1-1/2. Even relatively small differential 
will, however, enhance safety against movement. 

the writer’s knowledge, none the major, “western type” rockfill dams 
has far been exposed major earthquake. exposed, some settle- 
ment addition that previously observed would certainly have ex- 
pected, especially the upper part the dam least consolidated through 
self-compaction. precisely therein that there rests the difference be- 
tween loose rockfill dam and compacted rockfill earth-fill dam. the 
latter case, homogeneity and isotropy are mechanically created throughout 
the section and independent self-compaction. Furthermore, the face slopes 
compacted fill dams are invariably multiple the slope repose. Where 
there choice and costs compare favorably, compacted fill dams should 
given preference, especially areas known subject earthquakes. 
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DISCUSSION 


commonly accepted belief that large dumped rockfill dams are highly per- 
vious. Unfortunately, physical demonstration impermeability within the 
body high rockfill dam lacking and there will much reluctance 
engineers accept this premise without further proof. 

The leakage Cogswell Dam was reported have reached maximum 
130 c.f.s. through the timber facing. would ordinarily presumed 
that this leakage flowed through the interstices the rock the base 
the dam. Mr. Baumann’s analysis would suggest relatively high zone 
saturation within the center the dam and accompanying pore pressures 
while such leakage was occurring. follows that the downstream slope 
stability would have been reduced. 

higher rockfill dams are constructed, prudent design should dictate 
investigation the degree self-compaction existing high rockfill dams 
and the resulting permeability. Such investigations might include borings 
and piezometer installations existing structures, plus largescale labora- 
tory compression tests with correspondingly large loadings quarry rock 
samples. 

San Gabriel Dam No. has large central core low permeability. Be- 
cause the flat core slopes, the dumped rockfill shells serve weighting 
zones. this case, consolidation the shells has little effect the 
stability the dam. Even self-compaction reduced the permeability 
the rockfill shells, they would unquestionably much more pervious than 
the core. the writer’s opinion, this design nearly unquestionably 
safe any dam can be. 

desired compare this design one wherein the central core width 
has been reduced maximum of, say feet, the crest and having 
side slopes 0.2 horizontally 1.0 vertically, steeper. 

Transition zones between the core and rockfill shells immediately assume 
great importance prevent migration the fines and piping into the dumped 
rockfill shells. 

Vertical post-construction settlement the rockfill shells may appear 
more importance than the case the San Gabriel No. type 
design and much less importance than the Cogswell design. The forma- 
tion longitudinal cracks the crest such dams has frequently been ob- 
served. ascribed differential settlement the rockfill relative the 
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core and slight separation the interface. Such cracks are generally 
considered They do, however, indicate local lack lateral sup- 
port for the core. 

The thin central core, itself, has little stability. essentially 
membrane which solely dependent upon the passive pressure the down- 
stream rock shell for stability. Conventional design methods recognize that 
this passive pressure must sufficient resist the reservoir pressure and 
the active pressure the upstream rockfill shell. sliding wedge analysis 
indicates that the thinner the central core is, the steeper the downstream 
rockfill shell slope may be. high value coefficient internal friction 
for the rockfill adopted, can even shown that the downstream slope 
may steep the angle repose the rockfill, neglecting allowances 
for seismic loads. This design approach should not taken, however, with- 
out consideration deformation. 

Mr. Baumann has shown that dumped rockfill achieves consolidation 
through its own weight. Crushing the smaller rock particles and com- 
paction the material the rock voids takes place due weight. equal 
degree intimate contact and crushing not developed horizontal di- 
rection. Yet with the vertical core, the water load applied horizontally 
instead toward the foundation. reasonable expect, therefore, that 
the water load deflection will larger proportion the applied load than 
any other type rockfill dam. Further, lateral deflection insuffi- 
ciently large rockfill shell due horizontal water load can cause failure 
the core rupturing long before shear failure will occur the rockfill 
shell. 

The records few the older dams California, which had vertical 
concrete core walls and dumped rockfill shells, verify the above expectations. 
One particular, having maximum height about 140 feet, deflected slow- 
downstream over period years, maximum nearly feet the 
crest. The movement was finally arrested dumping large volume 
additional rockfill the downstream shell increase its mass. The shell 
slope was the angle repose the rockfill. Fortunately, the reinforced 
core wall was able undergo the deflection without complete failure this 
instance. 

The most adverse characteristic loose rockfill its capability de- 
form non-elastically—from its own weight from applied load. Post con- 
struction consolidation can minimized appropriate placing methods and 
sluicing, but neither the magnitude this nor that water load deformation 
can pre-determined with any mathematical certainty. Dams the Cogs- 
well type may expected approach limit deformation within rea- 
sonable time, and failure provide design which will accommodate that 
maximum deformation usually only means excessive leakage and repairs 
the upstream facing. suggested, however, that much more serious con- 
Sequences may the result with the central core type rockfill dam too 
much reliance placed upon the downstream shell structural supporting 
member rather than weighting zone the case San Gabriel Dam 
No. 

This only emphasizes Mr. Baumann’s comment that the design loose 
rockfill dam far exceeds simplicity the analysis its inner stability. 
His conclusion that compacted fill dam should given preference where 
possible over loose rockfill dam fully justified the basis the ex- 
perience these two dams. 
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Dam), its brief history, caused considerable concern those responsibly 
connected with the project. Mr. Baumann’s paper value because de- 
scribes the features design, construction, performance, and repairs 
dam which valuable lessons may learned from the mistakes design 
and construction, well the corrections that were made. 

The writer, design engineer with the Los Angeles County Flood Con- 
trol District from 1932 1942, feels qualified comment some the 
features design and the performance record. 

San Gabriel Dam No. was unusual many respects. First, design 
and specifications for construction, the current practices the time were 
not followed. Mr. O’Shaughnessy once described the writer the 
two principal methods which successful rockfill dams had been built. 


The method preferred and used Morena Dam® put only large pieces 
clean sound rock into the fill. Sluicing not required this method be- 
cause large stones bear directly large stones and little settlement likely 
(except perhaps very high dams). The second method put most all 
the quarried material into the fill, meanwile sluicing thoroughly that 
the settlement occurs immediately during the construction period. 


San Gabriel Dam unfortunate composite the two methods 
was followed. Sluicing was not provided for the specifications. at- 
tempt was made keep out most the quarry fines, but was found that 
the grinding action the equipment, particularly the cat treads, the sur- 
face each the 25-foot high lifts, resulted 12" ground-up rock. 
this had been sluiced down into the voids before beginning the next lift, 
believed that the principal cause for subsequent settlement would have 
been eliminated; but the surface was only scarified before beginning the next 
lift. Consequently, came when the fill became wet from rainfall. 

The author states the amount settlement percentage the height 
fill. may seem more impressive express actual feet accumu- 
lated settlement. the storm January 1934, the crest station 
settled 5.8 feet one night and for the six-month period from the time 
first completion the crest, about December 1933, June 13, 1934, the 
aggregate settlement this point was 13.6 feet. Subsequently, the applied 
caused additional drop 3.9 feet, making total 17.5 feet 
August 1935. 

The freeboard was maintained during this period adding rock the 
crest from time time. 

The original design freeboard was feet. The 1938 storm filled the 
reservoir and produced head 11.4 feet the spillway. Therefore, 
might concluded that the 1938 storm had occurred January 1934, 
the probable settlement combined with the high reservoir level would have 
resulted disastrous overtopping the dam. 

The unusual and supposedly “more flexible” design the laminated con- 
crete facing with the “floater slab” connection the cutoff never had “fair 
chance” because the conditions for which was designed were greatly ex- 
ceeded. Perhaps with nominal amount settlement experienced 
most rockfill dams, this facing would have been satisfactory. the 
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writer’s conclusion, however, that there justification for more than 
simple heavy reinforced-concrete slab. 

The temporary timber facing applied San Gabriel Dam No. was quite 
successful. There was sufficient seepage aid the settlement during 
the period water loading and the life years was long enough for set- 
tlement practically cease. 

Finally, 1947, permanent reinforced concrete facing simple, 
rugged design was placed the dam. 

Many existing rockfill dams have had sufficient settlement result 
serious cracking the facing that water loss consequence. Thus, 
San Gabriel No. Dam now, perhaps, tighter and better dam than many 
that did not have the exaggerated troubles that this dam experienced. 

The writer notes that San Gabriel Dam No. now labeled rockfill 
dam, but checking, finds that, despite the large central portion com- 
pacted earthfill, over per cent the composite volume loose rock fill; 
thus rockfill dam according definition. However, the outer 
slopes, which are both upstream and downstream, were steep 
some more recently designed dams that is, about 2.25, then the com- 
pacted earth fill would comprise over per cent the total, and would 
then considered earth dam. 

The small amount settlement, 0.4 foot, emphasizes the vast difference 
between this dam and the usual rockfill dam. 


author’s paper the 280 feet high Cogs- 
well and the 380 feet San Gabriel dams unusually valuable addition 
available information rockfill dams. 

The author, referring the cutoff wall between 2235 and 2320 
the Cogswell right abutment, noted that the placement rockfill the 
shaped gap from greater height than the specified maximum feet made 
arching between the fill slope and the abutment wall unavoidable. there 
positive proof this, view the later observation the settlement the 
previously-dry rockfill occasioned the storm December January 
1934? 

The author’s statement that the initial settlement some percent the 
right abutment, due the storm, was only increased percent several 
months pumping clear water, through the facing, into the rockfill most 
important, particularly when contrasted with the percent average 
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settlement secured San Gabriel dam the use about twice much 
volume sluicing water rock. can, would appear, concluded that 
ample sluicing water imperative, condition generally confirmed prac- 
tice most rockfill dams. 

The shrinkage rockfill after placing Cogswell dam, during construc- 
tion, shown Fig. 11, approximately percent must attributed 
consolidation dry rockfill placed lifts not exceeding feet. Does the 
author consider the shrinkage during construction materially changed 
dry deposition higher lifts, say feet? 

The deduction the author that dams major height can 
means considered immune pore pressure, especially the interior 
the lower part the dam where densities would normally greatest” 
significant because the probable formation core low permeability” 
the lower portion. This appears confirmed the mechanically 
compacted material zone the San Gabriel dam, resulting percola- 
tion rate feet per year under gradient also confirmed, 
would appear, qualitatively the inch core from the San Gabriel dam. 

The observation that the San Gabriel dam “Under the maximum water load 
deflected downstream 0.11 feet the crest and returned (elastically) within 
fraction inch its position before the flood when the reservoir was 
emptied,” confirmation little known property rockfill dam. 

The experience with the upstream facing the Gogswell dam one more 
case the difficulty securing trouble-free performance with any rigid 
semi-rigid facing. 

view the different design the two dams operated the one owner, 
would add the value the author’s very fine paper the maintenance 
costs for the Cogswell and San Gabriel dams over the same period years 
could stated. 


CLAUDE ASCE and ELTON KNIGHT. factual 
data presented the performance Cogswell and San Gabriel Dams are 
major contribution the advancement the design rockfill and earthfill 
dams. These data are particularly important because both dams have been 
subjected spillway floods. The settlement and movement the upstream 
face Cogswell Dam (San Gabriel Dam No. during the floods and the type 
and quality rock obtained from the quarry for San Gabriel Dam No. 
should indelibly impressed the minds all dam designers. 

With reference the settlement and permeability rockfill dams, 
conceivable that rockfill dams are not mass large rock with larger in- 
terstices; however, doubted that the voids the base rockfill dams 
are filled with high density material. The conclusions that the filler materi- 
has density was based upon computed density 132 per for the 
material the voids San Gabriel Sam No. The computed density was 
based upon the following assumptions: 


Average volume per truck amounted 11.5 cubic yards. 
Loose rock trucks had percent voids. 


Quarry dust equalled the amount permitted the specifications 
percent rock weight. 


Chf., Design Sect., Foundation Matls. Branch, Corps Engrs., Los 
Angeles, Calif. 
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Seventy-five percent rock remained uncrushed and percent the 
rock combined with quarry dust fill the rock voids. 


Specific consolidation the base the dam was equal twice the 
average consolidation. 


attempt will made evaluate these assumptions; however, the com- 
puted density the filler material questioned. density 132 per 
very high density, and much higher than the densities obtained 
test fills built for San Gabriel Dam No. these test fills, quarry ma- 
terial passing 6-inch 9-inch “grizzly” opening was placed 25-foot 
lifts and throughly sluiced the time placing. Densities were obtained 
the fill sinking shafts and testing the materials 5-foot intervals. The 
average dry density the fines was found per ft, and the dry 
density the rock and fines averaged 122 per ft. comparison the 
densities obtained the same material that had been placed thin layers 
and rolled with heavy roller averaged 122.2 per for fines and 144 
per for rock and fines. 

the test fills built for San Gabriel Dam No. the entire weight the 
fill was carried the mixture rock and fines; whereas, rockfill dam 
presumed that the weight the fill carried considerable extent 
point point contact the uncrushed rock. this true, the compac- 
tion the filler material rockfill dam would probably less than that 
obtained sluiced fill fines and small rock, and would undoubtedly 
less than that obtained rolled fill. 

conclusion would appear that more definite information the density 
filler materials the base rockfill dams needed prior assuming 
that the voids are filled with high density material. 


HARRIS ASCE.--The author has made thorough sum- 
mary the features special interest concerning the design, construction, 
and performance the two rockfill dams treated this paper. Very little 
remains added the opinion the writer who general agreement 
with the author’s conclusions and wishes however offer supplemental in- 
formation concerning details construction Cogswell Dam which may 
interest those who encounter situations similar nature. For that 
purpose this discussion limited rockfill, abutment preparation and cut- 
off and floater slab construction. 

The quarry developed Devils Canyon provided rock excellent quality 
adequate quantity maintain the construction schedule completion 
dam fill and facing prior the winter 1933-34. The grading rock 
meet specification was assured careful sorting the quarry. Normal 
dumping segregation was experienced the fill. Careful removal power 
equipment the surface accumulation quarry chips, dust, and temporary 
construction road topping prior the construction the next lift appeared 
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adequate. However, the sluicing effect rain storms very clearly 
showed otherwise. The immediate settlement observed when December 
storms wet down the dry dumped fill emphasized most drastically the im- 
portance sluicing rock fill during construction. Also has been noted 
that settlement varied greatly adjacent portions the fill. the be- 
lief the writer the variation settlement was due part the irregular 
slope the south abutment may seen Fig. and Fig. 3(b) and part 
construction methods used avoid delay the rock fill. analysis 
the profile center line crest and sections across the south abutment 
ridge indicate the fill was subjected the effect considerable variation 
slope abutment surface. addition the depth fill varied consider- 
ably both longitudinal and transverse section. These factors contributed 
materially the uneven rates settlement. 

During early stages construction the abutments were sluiced remove 
loose over-burden prior the start Abutment excavation and 
trimming was continued each abutment above the fill and was generally 
well advance the rockfill except section the right south abut- 
ment above elevation 2230 referred the author. Here the amount 
abutment excavation necessary comply with requirements was greater than 
had been estimated. result, the rockfill, which progressed rate 
approximately 75,000 cubic yards per month, got ahead the right abutment 
cleanup. means stage construction, with increments more than one 
ft. lift underway one time, delay was avoided and fill lifts were nearing 
completion the south abutment contact successive sections the abut- 
ment stripping met the requirement. this manner construction delay was 
avoided and specifications height lift were observed. Even the 
piecemeal construction the fill adjacent the south abutment, (detail 
which too involved for review this discussion), resulted conditions 
within the fill and packed rock which could only further complicate the set- 
tlement problem. 

Approval cutoff alignment and excavation was withheld pending comple- 
tion and approval abutment stripping. illustrate the situation, when the 
fill packed rock were above elevation 2375 the cutoff concrete each 
abutment was elevation 2240. Excavation the cutoff the reach involved 
the south abutment, elevation 2230 2350, was the face steep cliff. 
The bench and trench excavation required was such that the cliff above the 
cutoff wall was unstable position tending under-cut the open 
trench excavation. means reduce the degree hazard and keep 
pace with the construction fill and face slabs and avoid possibility 
extensive delay the completion the dam, the cutoff trench was filled with 
concrete with provision for future deepening necessary satisfy the re- 
quirement the State Engineer. Also this time drilling and grouting 
cutoff included the unfinished section. Fourteen holes were drilled depths 
150 feet within the cutoff limits question and were grouted with total 
154 sacks cement. 

During 1935 the unfinished section cutoff wall was completed. The ex- 
cavation beneath concrete was made inclined stope and shaft. adit along 
the side the concrete cutoff provided access beneath the previously placed 
concrete. The inclined tunnel followed beneath the concrete for distance 
approximately 160 feet slope. Access the upper end was accomplished 
raising the surface through shaft scme feet along the outer face 
the cutoff previously concreted. The work involved about 320 cubic yards 
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tunnel excavation develop access the unapproved cutoff and intercept 
seams question and remove unsatisfactory rock. The incline and shaft 
were filled with concrete. Approval the cutoff June 1935 was fol- 
lowed additional drilling and grouting. total holes were drilled 
and grouted consisting holes diameter varying depth from 100 
feet feet and holes 4-1/2" diameter and depth feet. The aver- 
age depth drilling rock below concrete was approximately feet. Each 
hole was grouted continuous operation working from the bottom 
through pipe insert with pressure starting psi and increased 
100 psi refusal. 785 sacks cement were used the grout placed that 
time which concluded the cutoff construction. 

change plan during construction affected the joint between face slab 
and cutoff. Figure 4(d) typical detail cutoff wall floater slab and face 
slab connection illustrated. The writer invites attention the provision 
for “small round stone” placed under the hinged floater slab. The flex- 
ibility intended this design would quite likely have been greater than actu- 
ally experienced the hinged slab built. The gravel fill material was 
omitted and portion the floater slab was placed over fill consisting 
fine quarry run sizes ranging from chips cubic foot. Other portions 
the floater slab were supported packed rockfill. This may account 
part for failure the hinged slab follow the movement the fill. How- 
ever, the extent which the change fill material beneath the floater slab 
may have affected the flexibility the hinged joint would difficult 
evaluate. Also because the amount settlement experienced con- 
sidered doubtful that other conditions fill under the floater slab would have 
materially changed the extent damage the connection between face slabs 
and cutoff wall. 

conclusion, the opinion the writer, the beneficial effect sluicing 
rockfill cannot overstressed. may also noted that such opinion 
essence restatement comments discussion other writers. 
(References are those given the author.) retrospect seems evident 
now that number factors contributed the failure face slab experi- 
enced Cogswell Dam. The dry fill construction method, admittedly not the 
only cause excessive settlement fill, certainly was the greatest single 
factor. Even fill clean large rock when properly sluiced given de- 
gree beneficial lubrication and settlement during construction aided. 
Where fines are present sluicing indispensable. believed have 
been clearly shown that adequate sluicing the fill during construction 
the dam would have settled the fill the time construction condition 
which would have made the construction permanent concrete face possi- 
ble. And additional illustration, later experienced San Gabriel Dam 
where the dumped fill was sluiced with two parts water one rock 
volume further demonstrated the beneficial value sluicing the amount 
initial settlement observed during construction. 

Discussion the cutoff construction problem experienced and its solution 
offered the hope that should situation similar nature occur 
other construction may benefit those involved know previous 
experience. The method used was well justified both through elimination 
dangerous excavation hazard and the avoidance construction delay. The 
adequacy the cutoff and grouting has been well demonstrated during the 
years since construction. Other than blanket gunite the abutment has re- 
quired attention since completion the dam. 
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PAUL BAUMANN, ASCE.—The writer would very happy indeed 
had direct and unequivocal answer all the pertinent and constructive 
questions raised the discussors. Unfortunately, however, questions raised 
regard the actual physical performance the rock the interior the 
dam must necessity answered indirectly, that say, light 
circumstantial evidence. One feature, however, should made clear avoid 
further misunderstanding, namely that Cogswell Dam itself not considered 
critical height but that the lesson learned through its 
should duly considered engineers engaged the planning and design 
rockfill dams materially greater height. This happens the trend the 
present time. There great challenge the harnessing formidable 
energies through the construction major dams but the responsibility is, 
needless say, even greater. The writer’s paper, ably and gratifyingly 
discussed, was prepared the spirit this responsibility. does sound 
warning regard the possibility transformation loose rockfill into 
dense rockfill with increasing height. the writer’s opinion, this possibili- 
had not been duly considered heretofore. 

Before referring each the discussions separately general statement 
concerning pertinent factors the construction Cogswell Dam may 
order. hoped that some the questions, implied rather than expressed 
discussors, may answered least part. 

The writer was aware and intrigued the performance Cogswell 
(then San Gabriel No. Dam during its construction before his employment 
October 1934 with the Los Angeles County Flood Control District. strongly 
felt that the causes measured shrinkage during construction and additional 
large settlement when the completed embankment was wetted some inch- 
rainfall, merited thorough investigation, study and analysis. Thus, im- 
mediately after his employment with the District charge dams and water 
conservation activities, the writer assigned his principal assistant, the late 
Hodgkinson, ASCE, formerly charge the District’s design di- 
vision, undertake such investigation and report thereon. After examination 
several hundred inspectors’ reports, covering all phases construction 
activities from the quarrying the rock its final placing the dam, was 
concluded that the size and grading the rock all the way down quarry 
dust closely conformed specifications; the average volume per truck load 
Class rock placed throughout the main fill the dam was 11.5 cu. yds. 
and the corresponding weight 33,600 lbs.; the average weight per truck load 
quarry dust was estimated 1000 lbs. leaving net weight 32,600 lbs ex- 
clusive quarry dust. These are the figures used the writer arriving 
densities after consolidation. Frankly, the porosity 40% exclusive 
quarry dust which follows from the above figures and the specific gravity 
2.80 average 211 tests, appeared rather low first glance. However, 
even the porosity had been error possibly 10% and therefore had been 
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44% instead 40%, the conclusion regard impermeability the base 
the dam would remain substantially unchanged. The dry density the crushed 
material (which course includes rock dust) and quarry dust would re- 
duced 123 p.c.f. slightly more than the 120 p.c.f. required the center 
core section San Gabriel Dam (No. 1). The rate percolation for unit 
gradient corresponding this density was found 3.0 ft. per year. Hence, 
the question whether not rockfill dam will become impervious from 

the base upward with increasing height does not hinge much initial densi- 
ties does the size and uniformity the rock. Mr. O’Shaughnessy, 
quoted Mr. Spielman, has put the wisdom the fundamental requirement 
for dry construction rockfill dams nut shell, namely that the rock 
should uniformly large. While crushing points contact would still re- 
sult shrinkage, would small compared that rock varying 
size such specified for Class Cogswell Dam. The reason simple. 

addition point crushing, mixture large and small rocks gives rise 
what might called the “nut cracker effect”. Small rocks wedged between 
large rocks can readily crushed. very seldom works the other way. 
Therefore, minimize such crushing and production fines associated there- 
with, the small rocks together with initial fines should sluiced into the inter- 
stices time placing. other words, sluicing such mixtures indis- 
pensible excessive production fines after placing avoided. 

Unfortunately, the ideal rockfill dam, consisting uniformly large rock, 
seldom economical because the smaller material unavoidably produced 
blasting that will have separated and wasted. The writer knows 
major rockfill dam built exclusively uniformly large rocks. The cost 
sluicing mixture rock with minimum waste evidently has far been 
considered economically advantageous. Nevertheless, the possibility cre- 
ating zone low permeability the interior even sluiced dam ex- 
cess say 350 feet height should always carefully investigated. “Low 
permeability” should interpreted not free draining. Hence, even some 
channels here and there should remain open the respective percolation could 
far more critical than that through free draining mass. 

Mr. Brown deplores the absence physical demonstration impermeabili- 
within the body high rockfill dam and does the writer. San Gabriel 
Dam (No. had been built similar manner Cogswell Dam, chances are 
that such would have been convincingly furnished, even the 
rock there had been equal quality that Cogswell. Actually not all 
the rockfill dams built the past have been favored with the same high quality 
rock that Cogswell Dam, nor will future dams necessarily 
favored. The original estimated leakage 130 c.f.s. through Cogswell Dam 
under full head has been revised 105 c.f.s. Based free draining con- 
ditions and the timber facing the controlling “water stop”, 200 c.f.s. were 
anticipated. There were means locating the free water surface for 
turbulent flow the phreatic surface for laminar flow. The void space be- 
tween the extra large (Class rock the downstream face, especially its 
lower part, prevented any observation the discharge face flow 
through the interior zone the dam. Furthermore, the tightest 
part this zone would, view normal pressure distribution vertical 
sections, below streambed. However, few corresponding water surface 
elevation and leakage points taken from the official record, may as- 
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sistance arriving some conclusion the effect leakage consoli- 
dation the rock mixture. 


Water Surface Elevation Date Leakage 
2177 12-10-37 1.00 
2236 2-1-38 6.00 
2337 2-26-38 20.00) Over 20" 
2350 3-1-38 40.00) 
2397 3-2-38 105.00) timber facing 
2312 3-10-38 facing 
2357 3-20-38 13.00) “sealed” 
2376 6-30-38 
2170 8-16-38 0.50) 


For free draining rockfill, the leakage through the dam should direct 
proportion the pressure the facing the area which can approximat- 
trapezoid 410 feet wide the top, 185 feet the bottom and 260 feet 
height. The leakage per unit width the maximum height the dam 


which coefficient leakage (affected the swelling the timber 


facing) 


Since the pressure distribution triangular follows that 1/2 must 
pass through the bottom 1/3 the section. Taking the trapezoidal shape 
the facing into account follows that the total leakage for maximum head 


Qmax 105 7800 and 


From the above tabulation may noted that for the water surface 
elevation 2337, that 3/4 the leakage was c.f.s. whereas under this 
head the coefficient 


4600 

Thus follows that about 75% the maximum leakage passed through the 
top 1/4 the facing. 

If, conversely, percolation through the consolidated rockfill had been con- 
trolling the leakage and the rockfill had become quasi homogenious fragment- 
mass, similar Zone San Gabriel Dam then, shown the flow 
net 1/2 would have passed through the top 1/3 the maximum section 
unit width. Approximating the flow through the top, middle and bottom 1/3 
the section 1/2, 1/3 and 1/6 respectively then 


“Design and Construction San Gabriel Dam No. 1,” Paul Baumann, 
ASCE, Transactions, ASCE, Vol. 107, 1942, 1631. 
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Applying the trapezoidal shape the face before the rate flow the 
top, middle and bottom 


717.5 
297.5 
and 
46.3 (due averaging flow through bottom 


There follows13 
313 
and for 


Therefore, for 260° 
0.004125 ft/sec 130,000 ft/yr 


For the water surface 3/4 and 


and 


Hence, this case the permeability for the bottom 3/4 the dam would 
about one-fourth that for the entire height the section. 

While definite conclusions could drawn from the above one thing ap- 
pears certain, namely that the lower part the dam was less pervious than 
the upper part. 

Mr. Brown’s comparison the massive core section San Gabriel Dam 
and hypothetical one feet thick with correspondingly steep faces 
merits close attention the profession. The inner flexibility and unpredicta- 
ble attendant movements inherent with all rockfill dams call for core di- 
mensions commensurate with differential (unbalanced) pressures which must 
taken shear the saturated core material. Again, this problem 
grows rapidly with the height the dam. The effect weighting the rough- 
slopes the core section San Gabriel Dam (No. was treated 
prestress the writer and its significance was analyzed. 

Mr. Spielman ponders the qualification San Gabriel Dam rockfill 
dam. Although took active part the revision the original design 
apparently forgot that the “large central portion” compacted quarry rock 
with pieces in. size rather than compacted earthfill. The earthfill 
part Zone amounts only about 10% the total volume. Hence, “rock- 
fill dam” seems the proper classification. Incidentally, Mr. Spielman 
also deserves considerable credit for the ingenious design the temporary 
timber facing that performed full satisfaction Cogswell Dam. 


13. Ibid., 1630, Eq. (11b). 
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The writer agrees with Mr. Spielman and stated, namely that the lami- 
nated facing and flexible connection the cut-off wall means the floater 
slab might well have performed satisfactorily under normal settlement con- 
ditions. However, the fulcrum effect along the abutments could still have been 
critical even settlements had been considerably smaller. overcome this 
effect would have required much wider benching between the cut-off wall and 
the cliff face rest the entire floater slab tapering section 
“small round stone” with its thickness roughly proportional the distance 
from the hinge. (See Fig. 4d) This would have required greatly increased 
rock excavation. Mr. Spielman’s conclusion that “there justification for 
more than simple, heavy reinforced-concrete slab” therefore strongly 
concurred in. 

Mr. Lawton’s question regarding arching the rock the V-shaped gap 
adjacent the right abutment must again answered based circumstantial 
evidence follows: (1) The higher lift naturally caused greater segregation 
the rock, the larger pieces running ahead the smaller ones. the 
bottom the gap the rocks hit pocket which actually was semi cone-shaped, 
that only the upstream portion the dam was affected the delay the 
cut-off wall construction while progress the portion downstream therefrom 
continued before. Thus, with large rock falling into this semi conic pocket 
arching could hardly have been avoided. (2) The maximum settlement due 
rain and subsequent sluicing occurred this V-gap area and plain evi- 
dence today. fact Fig. shows sag the cat walk the top the 
paneled facing slab. 

Mr. Lawton’s statement that “ample sluicing water imperative” cannot 
too strongly emphasized, especially where rock mixtures are concerned 
such described under Class rock. The main part rockfills are pre- 
dominantly this kind mixture. 

both Cogswell and San Gabriel Dams the writer can see decisive advantage 
higher lifts, whether placed dry wet, but can readily conceive some 
disadvantages. These are due (1) segregation larger from smaller rocks 
previously mentioned; (2) lesser benefit from equipment compaction and (3) 
increased break-down and production fines due greater impact force. 

The elastic behaviour San Gabriel Dam (No. under full water load and 
subsequent emptying the reservoir can only attributed the monolythic 
properties acquired the massive, center core section screened and com- 
pacted quarry rock. addition the initially created high density this 
section’s roughly slopes are weighted and laterally supported loose 
rockfill and therefore are prestressed outlined above. Under these con- 
ditions deformations can become elastic. This further strengthens 
Mr. Brown’s statement regarding thin cores rockfill dams. 
massive core may well the strongest and thin core the weakest part 
rockfill dam. 

comparative cost maintenance, repairs and replacement the two 
dams the records show that during the last ten years some $25,000.00 average 
were spent each dam each year. Since the initial costs were, round 
figures, $4.5 and million for Cogswell and San Gabriel Dam, respectively, 
the corresponding yearly cost maintenance, repairs and replacements 
amounted 0.56% and 0.15% the initial investment. 

Messrs. Fetzer and Knight enumerate five “assumptions” upon which the 
computation the density 132 p.c.f. was based. light the introductory 
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statements this closure the first three items quoted can not classed 
assumptions, whereas the fifth item that category only far possible 
axial arching the base concerned. the absence such arching the 
pressure the base column rock twice the average and would 
normally consolidation be. symmetrical monolyth triangular cross 
section the major and minor principal stresses follow circular arcs and radi- 
lines, respectively, around and through the apex the triangle long 
the loading due gravity only. Normal stresses are uniform along hori- 
zontal planes. Since shear zero along principal stresses there shear 
along the axis symmetry. comparison the pressure distribution along 
horizontal planes symmetrical triangular embankment dam compacted 
earth directly proportional the height the column above it. Hence, 
basically triangular. However, due plastic deformations the stress 
distribution has never been uniquely established but has merely been approxi- 
mated applying “compaction factor” which the ratio horizontal and 
vertical stress. Therefore all stresses points the outer slopes are zero 
and the maximum concentration stress pressure occurs zone and 
adjacent the axis symmetry. general this doubt applies rockfill 
dams well. The writer referred this zone the interior portion the 
dam. 

The writer agrees that there room for debate item four which 
assumption entirely based judgment and not observation. the well 
graded mixture Class rock, 40% varied size from quarry chips 
1000 pound rocks. Thus the 25% the total assumed have been crushed 
was generally smaller than 1000 pound rocks, more the order 500 600 
pounds maximum, that rock about three cubic feet volume. Consider- 
ing the fact that 60% the total volume was rock between 1000 and 14,000 
pounds the “nut cracking” 25% generally much smaller rock does not 

The test fills San Gabriel Dam (No. should not used criterion 
density the base Cogswell Dam. The dry density the fines 
p.c.f. quoted Messrs. Fetzer and Knight were found the test fill, feet 
total height, between its surface and twenty feet below the surface. Hence, 
the self-compacting effect under some 280 feet fill was not reflected this 
test fill. The shrinkage the dam for the first feet lift was 1.75%. Thus 
the composite dry density had increased from 105 106.8 p.c.f. which would 
have effect permeability. 

The uncertainty stress distribution embankment dam compacted 
earthfill much greater for rockfill. There simply way even ap- 
proaching the exact distribution internal stresses rockfill dam. 
stated Messrs. Fetzer and Knight the weight the fill well the ap- 
plied load is, considerable extent, probably carried the foundation 
point point contact. However, this does not mean that only the larger rocks 
are contact unless the fill consists nothing else. mixed fill some 
the smaller pieces will necessarily get between the larger rocks, especially 
placed dry. Hence, there will rock crushing first, point crushing second 
and compression filler materials last general order sequence 
visualized the writer. The compressed filler material, whether sluiced 
crushed into the interstices will lend stability the larger rocks subjected 
excentric contact loading. would interesting indeed means could 
devised for direct observation the goings-on the interior rockfill 
during construction and subsequent application water load. would 
eliminate the need much speculation. 
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elaborating some the construction features Mr. Porter has fur- 
nished much valuable supplemental information. special interest the de- 
scription the completion the cutoff wall the right abutment. the 
paragraph next the last Mr. Porter enumerates what might called the 
cardinal principles rockfill dam construction with special emphasis the 
importance sluicing. The writer full agreement with these principles 
but would like reiterate his word caution regard the ever increasing 
height rockfill dams, even thoroughly sluiced, namely, the face slopes 
should decidedly flatter than the angle repose the rock; water 
tight concrete facing intended temporary timber facing pending cessation 
settlement may advantageous; watertight core intended should 
add the stability the dam rather than relying the dam for its support; 
and assurance free drainage the fill should not taken for granted 
but should carefully analyzed. 
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SALT SPRINGS AND LOWER BEAR RIVER 
INTRODUCTION 


Prior 1925, there existed only eight rockfill dams higher than 100 feet; 
Morena, Strawberry and Swift Dams all being highest about 160 feet. The 
eight dams were all the United States and most California. 1925, 
115-foot step height was made with the 275-foot high Dix River Dam the 
Kentucky Utilities This dam was major step the development 
concrete face dams and Mr. Harza and Mr. Howson deserve 
particular credit. The next increase height was made six years later 
1931 with 53-foot step from the Dix Dam the *Pacific Gas and Electric 
Company’s 328-foot Salt Springs Dam. Though impervious face dams the 
200 300-foot range height have since been built, Salt Springs Dam re- 
mained the world’s highest until 1958, period years. 1958, 27-foot 
step was made the 355-foot high Paradela Dam Portugal. 

Since Salt Springs was completed 1931, impervious core rockfill dams 
various types have been developed and have been constructed continually 
increasing maximum heights that presently are the range 400-450 feet. 
The economics and the high degree safety, characteristic rockfill dams 
all types, have resulted their increased use. The need for always higher 
dams unquestionable safety makes careful study and reporting the then 
existing high dams important obligation the engineers engaged their 
design, construction and operation. 

The and Co. serves Central and Northern California. The electric 
production comprises thermal electric plants and hydroelectric plants 
having total capacity 4,533,000 kw. The hydro plants are nearly all locat- 
the Sierra Nevada Mountain Range which extends some 430 miles along 
the eastern boundary California. Except the northern end the Sierras, 
where the mountains are volcanic origin, the basic formation granitic 
and there little natural surface underground storage. Precipitation 
the form winter snow which melts the late spring and early summer. 
Annual and, some cases, cyclic storage necessary provide dependable 
hydroelectric power. provide the storage, and provide diversions and 
afterbays, and Co. has 106 dams all types. With minor exceptions, 
these dams are utilized primarily for power purposes, but provide important 
benefits irrigation and domestic water supply, flood control and recreation. 

Fourteen the 106 dams are the impervious face rockfill type. The 
earliest, Fordyce Dam, dates back 1873 and the most recent, Wishon and 
Courtright, are being completed 1958. Experience with all these dams 
has been very satisfactory and all them are service today. Development 
the impervious face rockfill dam has been appropriate and particularly 
economic the massive granite formations the Sierras. 

The early impervious face rockfill dam experience and Co. may 
considered have culminated with completion the 328-foot high Salt 
Springs Dam 1931. Twenty-one years passed before the Company con- 
structed the next concrete face rockfill dams, the Lower Bear River Dams 
1952. The years experience with Salt Springs well experience 
with other rockfill dams was effectively used the design the Lower Bear 
River Dams. 

This paper will bring Salt Springs Dam experience date and will re- 
view the construction from the standpoint its influence the performance 
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the dam. The paper will also present the design, construction and per- 
formance the Lower Bear River Dams and make comparisons with Salt 
Springs. 


Early Pacific Gas and Electric Company Rockfill Dams 


The nine impervious face rockfill dams the Company that were con- 
structed before Salt Springs have been termed the early dams. Data all 
and Company’s impervious face rockfill dams presented Table 
All are still service after years satisfactory performance. Ex- 
perience with the six these that are higher than feet will briefly re- 
viewed. was the early experience with these and other dams, together with 
that Dix River Dam, that led the adoption concrete face rockfill type 
dam for Salt Springs. 

Upper Bear River Dam now years old and particular interest be- 
cause the steep slopes with very thin layer placed rock. The placed 
rock one layer hand and small derrick placed stones, and the fill 
mixture small rock and fines. The face was timber with concrete back- 
ing. The and downstream slopes are the same. The 0.50:1 slope the 
upper feet and the 0.75:1 slope the lower feet are considerably steep- 
than the natural dumped rock slope about 1.3:1. The thin layer dry 
placed rock certainly not adequate retaining wall. The rockfill should 
not have high shearing strength modern fill dumped and sluiced 
large 

This dam and other early rockfills with steeper than natural dumped slopes 
have provided evidence that the shearing strength much greater than that 
based natural slope. For example, rockfill with infinite slope 
0.5:1 must have shear coefficient exceeding 2.0, whereas 1.3:1 natural 
slope indicates shear coefficient 0.77. coefficient 1.0 commonly 
used design core rockfill dams. The natural dumped slope rockfiil 
not indication its shear coefficient. 

1929, dumped fill natural (1.3:1) slope was added the downstream 
face and the spillway enlarged. 1932, the crest was raised with feet 
placed rock obtain increased storage. 1953, the deteriorated 50-year 
old timber was removed and continuous gunite face with joints was ap- 
plied the placed rock. The gunite thickness varied from inches the 
top inches the base the dam and reinforcing from one two layers 

Meadow Lake Dam now years old, and its continuous service further 
substantiates the stability face slopes considerably steeper than the “angle 
repose”. The slopes are similar those Lower Bear River Dam but the 
placed rock even thinner single layer. Cutoffs are only one two feet 
into granite bedrock. 1930, forest fire burned the timber face off the 
dam. gunite face with joints, and thickness inches top inches 
the base, was installed. One vertical crack developed the 750 feet 
crest length. was covered copper joint and further opening has caused 
leakage. After years, the face good condition, even though 
elevation 7700 and exposed all winter. Leakage negligible. The use thin 


continuous gunite without joints considered economical and successful for 
both dams. 
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Relief Dam now years old. This 140-foot high dam has not contribut- 
much the technology because the very thick section placed rock. 
Though the upstream face slope all 0.5:1, all the rock upstream from 
the crest placed. This use placed rock was probably economical 1910, 
but present costs not justify the saving dumped rock use placed 
rock. The 250-foot high Malpaso Dam Peru nearly the same section 
and construction Relief Dam. The crest Relief curved downstream 
give dam minimum yardage. Downstream movement opened vertical 
crack near the center the dam. This crack was covered copper joint 
and has continued open. This another example the characteristic 
the impervious face rockfill dam concentrate future movement the initial 
joints cracks. This very characteristic. 

Fordyce Dam was raised 1927. The upstream slope the raised dam 
has 18-inch slab over 1:1 loose rockfill with nominal placed surface rocks 
for the lower feet, and 18-inch slab 1:1 slope over 6-foot 
thick placed rock for the upper feet the raise. The successful service 
and small settlement this 140-foot dam, with 1:1 upstream slope and nomi- 
nal placed rock gives further confidence the high degree stability charac- 
teristic dumped rockfills. 

Main Strawberry Dam now years old. The slopes this dam are 
upstream and natural (1.3:1) downstream. Placed rock feet 
thick, and the fill dumped over about 20-foot depth streambed material. 
The dam elevation 5620 and water and frost action has deteriorated some 
areas the 15-inch concrete face the extent that some future time 
repair will required. Gunite will probably used. This dam, with its 
thin placed rock and natural steeper slopes, was very progressive design 
for one the highest dams its type 1916. Morena and Swift Dams 
(Montana), 1912 and 1914, are about the same height. 

Bucks Creek Dam now years old and has given trouble-free per- 
formance. The slopes are conservatively flat, 1.4:1 upstream and 
stream. Placed rock thin, feet thick. The concrete slab has 
joints and reinforcing steel continuous. The face has developed cracks, 


leakage negligible and maintenance has been required its 30-year life 
date. 


Summary 


These six early impervious face rockfill dams, 140-foot heights 
and ages years, have given excellent service with nominal, any, 
maintenance except for replacing timber face gunite two cases. There 
has never been any question safety. They have provided experience that 
has led the confident construction higher dams. 


Engineering Significance Salt Springs Dam 


Salt Springs Dam was completed 1931. was the world’s highest 
concrete face rockfill dam, 328 feet high, until the completion 1958 the 
355-foot high Paradela Dam Portugal. The performance the dam has 
been reported the engineering However, reviewing the 
literature the light later experience with the Lower Bear River and 
other dams, considered that the existing literature could misleading. 
could inferred from the literature Salt Springs that face cracking, 


Numerals parentheses, thus (1), refer corresponding items the 
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rather high movements, and maintenance are problem and that 
they might expected such adam. Actually, these troubles with Salt 
Springs have never any way given concern safety, cost continuous 
operation. The cost maintenance has been negligible compared the 
economy the use the concrete face rockfill dam the Salt Springs site. 

Study the troubles Salt Springs has led the design concrete face 
rockfill dams both greatly improved service record and lower cost. 
Salt Springs Dam were constructed with today’s knowledge, would 
more simple and lower cost design and, the same time, give superior 
service. 

Lower Bear River Dams were designed and constructed with the help 
years more rockfill dam experience than was available for Salt Springs 
and particularly with the help the very detailed knowledge the per- 
formance Salt Springs Dam. The design the Lower Bear River Dams in- 
cluded features intended avoid the face troubles that occurred Salt 
Springs and these were successful. However, the Lower Bear River Dam per- 
formance, with nominal cracks and leakage and settlement, was con- 
than expected. This fact led careful review Salt 
Springs construction. was evident that the superior construction the 
dumped fill Bear River was the main reason for the improved performance. 
Comparative physical data presented Table 

advance presenting and comparing Salt Springs and Lower Bear River 
Dam data, general conclusions are that: 


(1) The Salt Springs face cracks can traced specific construction 
weaknesses the dumped fill. 

(2) The most significant difference construction was the sluicing. 

(3) addition construction changes, minor design changes have and can 
tend eliminate the Salt Springs face troubles. 


Salt Springs Dam continues give unquestionably safe and economic 
service. However, the dam engineer has made its contribution labo- 
ratory for pioneering high rockfill dams. Future concrete face rockfill dams 
should patterned after the design and experience more recent rockfill 
dams. 


Construction Salt Springs Dam 


began 1928 and the dam was completed time store the 

spring runoff 1931. The section and profile the dam are shown Fig. 
and the dumping rock shown the photo, Fig. 1946-47, spillway 
radial gates and coping wall were installed obtain additional storage. 
The photo Fig. shows the completed dam. The construction the dam 
well described and illustrated references (1) through This paper will 
review construction briefly and primarily from the standpoint its influence 
the performance the dam. 


Foundation and Cutoff 


Streambed and Abutment.—A total 312,000 cu. yds. streambed sands 
and gravels were removed from the floor the narrow canyon. All material, 
feet deep, was removed upstream from the axis. Downstream from 
the axis feet fine material was removed and feet 
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3805 MAIN QUARRY 


170 FT LT 


TOP OF SMALL 
UPSTREAM LIFTS 3600 


PROFILE (LOOKING DOWNSTREAM) LIFTS AND CONSTRUCTION SEQUENCE 


1s’ 


EL. 3958.5 PLUS (6FT MAX) 
FACE SLAB THICKNESS VARIES 
FROM | TO 3 FT. IN 300 FT. yo ioe 
REINFORCING iS | IN. SQ. nore 
BARS 0.5% IN EACH DIRECTION. > OBTAIN 14:1 


CONCRETE 

FACE SLAB 
TIMBER OVER SLAB BELOW 
3710, MIN. —* w.s. 


$2 FT. 


DIRECTION OF 
OAM AXIS 


1.50 FT. HORIZ. 
POINTS AND WERE EACH 

SET ABOUT FROM THE END 

PER DAY. 

DAYS ARE FROM DATE SETTING 

POINT 

LIFT COMPLETED SEE 


POINT @ 


66 FT. VERT. 


set 
10-26-20 45 DAYS 


1.55 FT. VERT. 


y 76 DAYS. 11-26-29 
16 DAYS Sv DAYS 0.5 FT. 


DAYS. POINT SCALE 


SETTLEMENT 3800 LIFT DURING DUMPING 
(ALSO SEE FIG. 


FIG, 1.—PROFILE, SECTION AND SETTLEMENT MAIN LIFT 
DURING CONSTRUCTION SALT SPRINGS DAM 
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ADDED 1947—SALT SPRINGS DAM 


.—THE MEETING 3910 LEFT ABUTMENT AND 3800 RIGHT ABUTMENT 
LIFTS—SALT SPRINGS DAM 


FIG. DAM WITH SPILLWAY GATES AND COPING WALL 


FIG. 


SALT SPRINGS AND LOWER BEAR RIVER 


TABLE FACE ROCKFILL DAMS THE PACIFIC 
GAS AND ELECTRIC COMPANY 


FACE SLOPES PLACED ROCK 
HORIZ.TO VERT| THICKNESS TYPE 
NAME 


FORDYCE 
(ENLARGED) 
LAKE STIRLING 
LOWER THREE LAKES 
UPPER BEAR RIVER 


MEADOW LAKE 


CHRISTIAN VALLEY 
‘MAIN STRAWBERRY 
BUCKS STORAGE 
SALT SPRINGS 
LOWER BEAR RIVER 
LOWER BEAR RIVER NO.2 


WISHON 


COURTRIGHT 


* HEIGHT ABOVE FOUNDATION AT AXIS 


TABLE DATA FOR THE SALT SPRINGS AND 
LOWER BEAR RIVER DAMS 


LOWER BEAR 


COMPLETED 1952 
ACRE FEET 
“CREST ELEVATION 
“CREST LENGTH, FT. 
SURFACE AREA FACE, SQ. FT. 190000 90,000 
PLACED ROCK THICKNESS, FT. 
BOTTOM 
DUMPED ROCK 349,000 
PLACED ROCK 
CONCRETE 


TABLE 3.—TABLE CREST SETTLEMENT, FEET, FOR 
LOWER BEAR RIVER DAM NO, 


* V= VERTICAL COMPONENT H= HORIZONTAL 


1952 245 | 13 | 22 
STA 
| | | 4TH [avas| iva lavas 
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naturally compacted gravel and boulders were left place. Abutments 
were washed nominal and occasional surface overburden hydraulic 
monitoring. The dam was constructed clean, sound granite except the 
streambed downstream from the axis. 

Cutoff and Grouting.—A 5-foot wide cutoff trench varied depth from 
feet the top 15-20 feet the bottom the dam. Below points the cut- 
off where the dam exceeds 200-foot height (el. 3770) the 2-inch grout holes 
were feet deep, and above they varied from feet feet the crest. 
Below el. 3770 holes were drilled and grouted 6-foot centers, and above 
20-foot centers, intermediate holes being used grout take exceeded 
sacks. total 161 holes averaged feet length and 27.6 sacks 
cement per 


Dumped Rockfill 


the 2,960,000 cubic yards the dam 880,000 came from 
the spillway quarry and the balance from quarries the other abutment, 
all near the Each quarry was worked from one level since the main 
hauling system was rail. The faces the completed quarries are vertical, 
180 feet high and show the vertical drill holes. Rows 6-inch churn 
drill holes 22-foot centers were located feet back from the 
face, and 2-inch drill holes 8-foot centers were used for lifters the 
quarry floor. The largest shot (Nov. 1929), forty-four 158-foot main holes 
and lifter holes loaded with tons powder, yielded 232,000 cubic yards 
solid granite. The average powder factor was 0.60 lbs. per cubic yard 
solid rock, This quarry method yielded many rocks that required secondary 
drilling and shooting produce rock that could handled. The compressive 
strength the granite was 15,000 19,000 psi, determined tests 
cubes and cylinders. 

Grading Rockfill.—The quarry method provided many large rocks, but 
the heavily loaded 6-inch holes also produced substantial amount fines. 
The secondary shooting produced large clean rock. The Bucyrus 120B cu. 
yd.) shovels could 25-ton rocks and main quarry hauling was cu. 
yd. side dump and cu. yd. end dump rail cars. Rock grading was from 
fines 25-ton rocks, with the average large rock exceeding tons. was 
estimated that half the shovel loads were the dipper teeth which indicates 
many large rocks. One shovel two 8-1/2 hour shifts and six-day week 
averaged 50,000 cu. yd. per month. The fill contains about 29% voids which 
represents bulking factor 41%. Field notes and photographs indicate that 
the rock coming from the quarry varied from large clean rock just after 
quarry blast smaller rocks with many fines when cleaning the quarry. 
When “too many” loads fines, cleaning the quarry floor, were going into 
the dam, some loads were wasted. Total waste was less than 5%. Occasion- 
ally large rocks were dumped over visible areas fines. 

The photograph, Fig. shows the 3910 lift and the 3800 lift coming to- 
gether. The rock the left abutment 3910 lift observed much smaller 
than that the 3800 lift. This was uniformly the case since the spillway 
quarry was equipped handle rocks only cu. yd. size, whereas the 
right abutment quarries could handle cu. yd. and larger rocks. 

Lifts.—Fig. illustrates the lifts used construction. The first fill 
the 3670 and 3710 lifts was permit early start the cutoff and placed 
rock and the lifts were minimum top width. The three main lifts, Fig. 
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were each for the full thickness The main and most important lift 
the dam was 185 feet high. Since the natural slope was about 1.30 1.35:1, 

was necessary construct berms beyond the 1.4:1 specified slope. Surface 
cleanup the lifts was not good. The important surface was that el. 3800 
and the field engineer’s report reads, “The spillway quarry 3910 lift over- 
lapping with 3800 cleanup attempt now being made roughen the 
top the 3800 lift shooting holes ft. apart and afterward sluicing fines 
into the larger voids the bottom these holes 3-inch low velocity jet 
moves the fines but holes feet deep and feet diameter quickly silt 
higher lifts overlapped the 3800 level became dangerous work the 
cleanup”. This significant since the subsequent horizontal crushing failures 
all took place el. 3800. The 185-foot dump from the 3800-foot level would 
have permitted considerable fines accumulate the top zone the lift. 

The 165-foot main lift was certainly great benefit Salt Springs Dam. 
The many large rock tons considerable compaction they slide 
plow down the dumped slope. The height lifts the upper 199 feet 
the dam are less important since pressures due water and rock load- 
ing are both low. 

Sluicing.—The superior performance the Lower Bear River Dams over 
Salt Springs occasioned thorough review the Salt Springs construction 
records, particularly regarding sluicing. definite that Salt Springs sluic- 
ing was not comparable present practice. The first 750,000 cubic yards 
were dumped between Feb. 1928 and July 1929 with only 100 gpm-350-foot 
head-centrifugal pump and and 2-inch pipes and hoses the job. 

Dumping had been the order 80,000 cu. yds. per month and sluice 
water less than 20,000 cu. yds. per month and not available all points 
dumping. 300-gpm pump was added July 1929. Sluicing was still recog- 
nized inadequate and October 1929, with 1,100,000 cu. yds. already 
the dam, one 1200 and one 1500 gpm pump was installed along with and 
4-inch lines, and sluicing began earnest. The 3890 lift 1,500,000 cu. yds. 
was completed Jan. 1930 and was thus only nominally sluiced. Though the 
last 1,900,000 cu. yds. rock was dumped with substantial amount 
water, the method application was not that which would used today. The 
application water was letting hoses pour onto the top the lift 
near the point dumping. There were jets remove pockets dirt and 
spalls and even with adequate volume water the method application would 
not permit the water fully effective. The fact that sluicing the fill 
below el. 3800 was very nominal important that may explain why the 
dam settled relatively greater below el. 3800 than the lower part Lower 
Bear River Dam No. 

Settlement During Dumping.—As dumping rock progresses, the rock go- 
ing down the slope seems pull the previously dumped fill downward. This 
movement illustrated Figs. and Aug. 12, 1929, points 1-6 were 
set the top the 3800 lift. the fill progressed, points 7-9 were added 
and intermittent readings were taken. The settlement points 6-9 the 
full settlement which took place during the dumping from the 165-foot lift, 
except for the two weeks that the rock was from feet from the edge 
the berm. Point settled 1.9 feet vertically plus estimated 1.0 feet during 
the first two weeks for total about feet, about for the 165-foot 
lift. This perhaps more than should occur with fill similar rock 
sluiced accordance with present practice. The rate and amount the 
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movement diminishes with increasing distance back from the berm where 
dumping taking place. The “closing fill” does not get much settlement. 
This settlement during dumping one evidence the benefit compaction 
from high lifts. Such movement does not affect the placed rock concrete 
face since occurs early the construction. 

The downstream movement the points believed due the influence 
the 3710 lift. The maximum section Fig. shows the relative location 
the points and the 3710 lift. November 1929, the largest quarry blast, 
tons powder producing 232,000 cubic yards solid rock, was set off. 
The settlement points were carefully measured before and after and 
movement was observed caused the blast. 


Placed Rock 


Placed rock was feet thick normal the face for the full section, Fig. 
Rocks generally were placed with flat face the plane the surface 
minimize excess concrete over the design thickness. The average production 
rate for the total 224,000 cubic yards placed was cubic yards per 9-hour 
shift crawler crane with crew men. The cranes operated the 
placed rock which inconvenient and more costly than operating 
lifts” used Wishon and Courtright, where production rate 
about 2-1/2 times faster. 

Masonry.—Along the cutoff the placed rock was bedded concrete for the 
upstream feet thickness and several feet above the cutoff joint. This 
may have contributed causing the abutment cracks and has not been done 
subsequent company dams. The rigid masonry would decrease the flexibility 
near the cutoff joint, and cause relatively abrupt transition settlement 
from the unyielding masonry the more yielding placed rock and fill. 


Concrete Face 


The concrete contained minimum 5.0 sacks cement per cu. yd.; 
ratio was specified 1.0 and ranged from 0.95 1.10; and 
28-day strengths generally ranged from 2700 3200 psi. The concrete con- 
tained admixtures and crushed aggregate 2-1/2 in. maximum size was 
used. was placed chutes; was “wetter” than would used today; and 
the field reports complain segregation. Honeycombing occurred spots 
due mortar running into voids the placed rock. However, its condition 
after years service severe climate attest that was good concrete 
for that time. 

Four cores were taken 1946 determine the condition the concrete, 
el. 3712 and el. 3780. Chemical analysis showed little, any, loss 
cement leaching. The concrete tested only 22% greater than the 28-day 
strength after years and the modulus was only 2,680,000 psi. 


Performance Salt Springs Dam 


The performance(21,22) has been very satisfactory all respects. The 
face repairs have been nominal cost comparison with the appreciable 
cost saving the use this type dam this site, and have never involved 
safety. However, important keep mind that the performance 
reviewed, terms settlement, face cracks, leakage and maintenance, 
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would much better for dam constructed the same site with the experi- 
ence and knowledge that available today. 


Settlement 


Settlement During Construction.—Salt Springs Dam settled more during 
construction than the subsequent and Co. dams which were thoroughly 
sluiced accordance with current practice. The settlement during the main 
lift dumping, previously discussed, occurs early construction that 
has little effect the face. Evidence additional settlement is: 


(a) The upstream face was laid out concave slope the face with 
the bottom and 1.1:1 the top. was attempted place the 
placed rock the surface design points the profile. Settlement dur- 
ing construction required steeper slope laid get back the 
design location and finally near the design location reach- 
ing the crest. Concrete was poured the design thickness over the 
placed rock and not the design surface order conserve concrete. 
Cross sections showing the relative locations the design face and 
the concreted face before filling the reservoir, show that maximum 
sections these faces completion the dam were apart the 
central portion and feet apart the crest. 150-foot high sections 
each abutment, the two faces were foot 0.5 foot apart. Since the 
placed rock was placed slightly below the design lines, these 
values represent settlement between the time placing the face rocks 
and completion the dam, 

(b) Fig. shows the latter part the movement mentioned (a) for Points 
through which movement that took place after the concrete face 
was poured each point. Point moved 1.4 feet normal the face 
during the nine months dam construction above Point 

(c) Some surface placed rocks were observed crush during construction. 
(d) The many abutment cracks that appeared before the filling the reser- 
voir, Fig. were due settlement during construction and after the 

concrete face was poured. 


Settlement Contours.—A fundamental and particularly favorable charac- 
teristic the impervious face rockfill dam that movement the face 
“essentially” normal the face. Stresses and joint movements occur the 
plane the face due deviations from line normal the face, but the 
major component normal. The contours the resultant and “essentially” 
normal settlement are drawn Fig. show the settlement: (1) due first 
complete water loading; (2) due years aging after the first complete 
filling; and (3) the total due first filling and the 27-year life the dam. 

Fig. shows the movement due the first complete filling. This took 
place during two years since 1931, the first year, California experienced 
historic dry year and the reservoir did not fill. The shape similar the 
Lower Bear River Dam No. contour Fig. with maximum movement 
about four-tenths the height. However, the maximum settlement Salt 
Springs 2.7 (4.32 1.60) times the crest settlement whereas Lower Bear 
River Dam No. was only 1.4 (2.05 1.45) times the crest settlement. 

This significant difference and considered that the very high 
movement the lower part Salt Springs due the inadcquate sluicing 
below el. 3800. The high settlements the lower part Salt Springs caused 
high lateral movements the upper portion the dam, and caused abutment 
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5C. TOTAL SETTLEMENT SINCE COMPLETION OF DAM - SUM OF 5A AND 58 
CONTOURS - MARCH 1931 TO MARCH 1958 - 27 YEARS. 


NOTE: 
THESE ARE TRUE VIEWS OF 
THE FACE, WHICH MAKES THE 
ABUTMENTS APPEAR STEEPER 
THAN THEY ARE (SEE FIG. !) 


5B. DUE TO AGING AND REAPPLICATIONS OF WATER LOAD AFTER FIRST 
COMPLETE FILLING - MARCH 1933 TO MARCH 1958 - 25 YEARS 


1460 4400 6+40 7+60 8.80 10400 1620 12640 
SEE FIG. FOR DETAILED MOVEMENT AND 
7 7 3 


CONTOURS ARE THE RESULTANT 
DOWNWARD MOVEMENT WHICH IS 
ESSENTIALLY NORMAL TO THE FACE. 


5A. DUE TO FIRST COMPLETE FILLING ~MARCH 193! TO MARCH 1933 - 2 YEARS 


FIG, CONTOURS SALT SPRINGS DAM 
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cracks addition those that occurred during important 
keep mind that the large resultant settlements the lower portion 
the dam, and their unfavorable consequences lateral movement and cracks, 
are excessive primarily because the inadequate sluicing. 

Fig. shows that the combination water pressure and height rock- 
fill that give maximum movement located near four-tenths the height 
dam. All other points may considered move more than would caused 
the water load each point due the drag from the area maximum 
movement. For example, there water pressure the crest which the 
center moved 1.60 feet. 

Fig. shows that the settlement due the aging the fill and due the 
reapplication water load each year different from that due the first 
filling. The movement seems due more the weight the rockfill than 
due the reapplication water load. The high movement the crest 
probably due the fact that the rock points the upper portion were never 
very heavily loaded and aging more effective these less stabilized rock 
contacts. very favorable that the repeated reapplication the sub- 
stantial water load does not appear cause significant movement the rock. 

Fig. shows the contours face movement for the years since the 
beginning the first filling, and the sum Contours and 2B. Except 
area along the abutments, this settlement has caused cracks. The 
reference plane for the contours the position the face 3-9-31, just 
prior the first filling the reservoir, shown Fig. The concrete 
slabs the lower and central portion the dam have moved even more than 
the contours show, shown the location points when set, Fig. 

Settlement Maximum shows the record vertical and 
horizontal movement for the maximum section. The fact that the reservoir 
did not fill the first year made possible obtain information the full 
face due the partial filling. Some comments Fig. are: 


(a) Point moved 2.9 feet due the water surface rising el. 3910, and 
1.0 feet due the application the next feet head, estimating 0.1 
feet the 1.1 feet was due reapplication the 166 feet head. 

This indicates increasing rate settlement head increases. 
This equivalent saying that the coefficient settlement increased 
head changed from 166 feet 204 feet. 

(b) Point moved 0.1 feet the reservoir refilled 3910 and another 
0.9 feet due the feet additional head. 

(c) Settlement down from normal. The slabs DE, DC, CB, and were 
all compression line down the face determined the shorten- 
ing. The horizontal joints were cold joints that this shortening 
caused compressive stresses. For example, the 44-foot slab length 
has shortened 0.1 foot without crushing. Slabs and are under 
tension line the face and horizontal joints and have opened 
relieve that tension. 

(d) Vertical crest settlement. 3.6 feet the 6-foot overbuild has been 
used the years 1958. 

(e) also shown Figs. and the maximum rate settlement after 

the first filling the crest and not the lower portion the dam. 

This favorable, since indicates that the crushing rock points 

the lower portion the dam, due the first application water load, 

leaves rock mass capable resisting repeated application that 
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heavy load with nominal additional settlement. The rock points the 
upper portion the dam, that have not been loaded heavily rock 
water loading, settle higher rate aging than does the more 
heavily loaded rock points. 

(f) After the first filling, the settlement increasingly down from normal 
the face. 

(g) The addition crest gates 1946 added feet head that influenced 
settlement for the 3-year interval from the end 1945 the end 
favorable that the feet additional head caused nominal 
movement. This seems inconsistent with the comments (a) above, 
except that years aging settlement took place before this addition- 
feet was added the maximum storage level. 


Settlement Points and F.—These two points the maximum section, 
Fig. 5A, are used illustrate the first three years settlement detail. 
The settlement plotted, Fig. with movement feet abscissa and the 
elevation the water surface when the reading was taken. The number 
months between readings shown the line between points. The pro- 
gressive first three years movement summarized Fig. for the verti- 
cal settlement Point 

These charts show movement for the first three years greater detail 
than Figs. and and are typical points. Both points exhibit similar charac- 
teristics. During the several months drawdown (approximately feet) 
after the first, second and third filling, Point and similar adjacent points 
showed vertical rebound 0.01, 0.02 feet zero settlement. During the re- 
maining 120 feet drawdown, taking place during months, Point 
settled vertically some 0.16, 0.8, and 0.4 for the first, second and third year. 
The horizontal movement was quite different. Point continued move 
horizontally during the first several months drawdown (approximately 
feet) and then would rebound horizontally 0.03 0.04 feet while was settling 
vertically. Horizontal rebound Point was 0.04, 0.09 and 0.01 feet, which 
greater than vertical rebound. appears that permanent horizontal settle- 
ment takes place while reservoir substantially filled and horizontal force 
present. However, the vertical settlement goes while reservoir empty 
due the weight rock. This one indication the influence reservoir 
operation the pattern settlement. The reservoir operation 1932, 
shown Fig. typical Salt Springs operation. 

The bar graphs settlement, Fig. show the rate settlement after the 
large movement due the first complete filling. The crest, Point has 
settled vertically after the first two years rate that has decreased from 
0.10 per 0.02 per yr. The horizontal component has de- 
creased twenty-five years from 0.07 0.025 feet per year. Point 
located feet lower than the crest, the vertical rate movement has de- 
creased from 0.076 0.044 foot per year, but has been constant for the last 
thirteen years 0.044 foot per year, little less than the 0.055 feet per year 
for Point the other hand, horizontal movement Point has been 
about the same that Point the last ten years, and very small 
about one-quarter inch per year. 

Lateral Settlement.—The term lateral settlement refers the horizontal 
movement the plane the face the dam. Such movement causes open- 
ing and closing the vertical joints and/or stresses across the face slabs. 
Fig. presents lateral measurement readings for four significant dates: (1) 
just prior first filling: (2) after first year partial filling and unwatering; 
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(3) after second year complete filling; and (4) after twenty-seven years. The 
detailed data five points the G-line are also Some observations 
are: 


(a) The major lateral movement took place during the high and rapid initial 
movements due the partial and complete fillings the first two 
years. 

(b) Movement away from the abutments and toward the center the 
dam, with maximum movement the upper portion the dam. 

(c) The movements are greatest the left abutment. 

(d) The increase movement between 1946 and 1949, noted detail 
movement G-Line points, considered due the raising 
storage water surface feet 1947. 

(e) the past approximately ten years most the face has moved toward 
the left abutment which the primary direction dumping during con- 
struction the dam. This tendency the aging the dam different 
from the lateral movement associated with the initial water loading. 


The water load applied the upstream face, which convex upstream 
plan, tends push the rockfill from the abutments and toward the center. 
the crest the center the dam the upstream curvature represented 
13.6-foot middle ordinate the 1300-foot crest length. second factor con- 
sidered cause this movement the differential adjustment the rockfill 
due the high normal movements shown the contour Fig. 
water pressure causes significant downstream and downward differential 
movement, lateral readjustment rock points must take place. appears 
that this lateral readjustment rock contacts, along with the active pressure 
within the rockfill and the high percentage voids, causes the rocks move 
toward the center the dam. addition these factors the basic vertical 
settlement should tend develop component toward the center due the 
sloping abutments. 

seems that the high initial lateral movements are associated with the 
high normal settlement the lower and central portion the dam. This ap- 
parent fact interest and value and true, means that these high lateral 
movements would much less for presently constructed dam that does not 
have the high resultant settlements Salt Springs Dam. 

The face measurements give record the surface lateral movement 
the face slabs, but the movement the fill must have been still greater since 
the face resists movement. vertical joints close the central portion 
the dam, the slabs accept high stresses and the rock points beneath the slab 
can adjust permit movement the fill without movement the face. 

Horizontal Joint Movement.—The horizontal joints were cold joints with 
copper waterstops. They could open, but could not close relieve com- 
pression stresses due movement the underlying rockfill due 
temperature rise. Fig. shows that the two upper joints, and 
The remaining joints remained closed. This indicates that the two upper rows 
slabs are tension line the face, and below Joint compression. 

Vertical Joint Movement.—The joints that slope the face vertical 
plane are called vertical joints differentiate from the sloping joints that 
parallel the abutment. The several vertical joints near each abutment opened 
and those approaching and the center the dam closed, Fig. All verti- 
cal joints were constructed one inch open and the openings show the movement 
beyond that one The larger openings the left abutment and the sliding 
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G- MAR. 1944-43 SLABS. 
RESERVOIR AFTER FIRST COMPLETE FILLING. 
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along the sloping joint are attributed the construction methods. The fill 
dumped from the spillway quarry contained excessive fines and sluicing was 
not used initially. The construction notes and Fig. show the thin fill dumped 
from elevation 3910 inferior the fill from right abutment quarries. 
The central joints have closed and compressive stresses reached point 
where three them have crushed. The opening joints has caused 
trouble. The vertical joint movement manifestation lateral settlement. 


Face Cracks 


All cracks that have occurred the face the dam are shown Fig. 10. 
The great majority slabs have experienced cracking. considered 
that all cracks that did occur could avoided dam constructed with to- 
day’s knowledge. Comments the various types face failures, using the 
letter designations Fig. 10, are: 


Cracks during construction. These appeared before filling the 
reservoir area 10-30 feet from the abutment. The cracks were 
generally parallel the abutment and about 1/16 inch wide, with maxi- 
mum being 1/2 Initial repair was chipping and using expansive 
mortar. With time, further joint opening and frost action resulted 
deteriorated concrete zones. These areas were chipped out and re- 
placed with new concrete, the last such repair being made 1958. 

Cracks during filling. The few cracks that developed were repaired 
grout and/or mastic. 

Hairline cracks. Only one slab developed hairline cracks. This oc- 
cured during filling. The slab was tension both directions. 

Spalling surface. One area spalled off above the plane the rein- 
forcing. 

Crushing vertical joints. Eight the central joints closed the one- 
inch constructed opening completely and three crushed. They were re- 
placed 3-inch open joints which the top are completely closed 
1958. The central vertical joints are resisting lateral movement and 
some may crush the future. 

F., and Crushing horizontal joint. The three failures all took 
place March with low reservoir and exceptionally hot weather. The 
settlement caused compression line down the face this area and 
apparently the additional temperature stress caused failure. The time 
failure was convenient since repairs could immediately made and 
leakage resulted. The joint that failed elevation 3800, the level 
the main construction lift which was not well cleaned up, and the top 
inadequately sluiced lift. The last failure took place 1948, 
upon the first unwatering after raising the water level feet. 


has been produced primarily cracks “A” Fig. 10, 
honeycomb pockets the concrete face, and several open joints. Points 
leakage may located observing clumps pine needles the face 
the dam. long leakage did not approach exceed the required release, 
face repairs were not made. 

Table shows the leakage cfs for the last years from the 380,000 
square foot surface and the abutments Salt Springs 
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observed that there little leakage from the lower 212 feet the 
face. 


TABLE 


Water Leakage Different Reservoir Levels 


Maintenance 


Crack and Frost Damage Repair.—Maintenance has consisted repair 
the cracks and crushed areas described above and local small concrete 
patches where frost action had taken place. The concrete poured 1931 had 
occasional porous honeycomb areas the surface. Frost action enlarges 
such zones and also the concrete adjacent cracks. The patches arrest the 
frost action and have been satisfactory. Frost action has been worse the 
right abutment side the face which exposed winter sun, and more 
cycles freezing and thawing. The left abutment the shade during the 
winter. 

years life the dam, the maintenance cost has averaged 
$8,000 per year. This compared with $2,000,000 estimated saving, 1931 
dollars, using rockfill rather than concrete dam. Maintenance has not 
affected operation and the cost has been nominal. 

Present Condition.—A thorough inspection the face was made 
February 1958. The original concrete appears sound, except small 
local areas affected frost action. Nominal patching such local spots 
should arrest the deterioration due frost action. Water chemical action 
the face has removed very little surface mortar and presents problem. 
Nominal future patching should extend the life the slab into the indefinite 
future. The dam excellent condition. 


The Lower Bear River Dams 


The Lower Bear River Dams No. and No. 2(23,28) are located the 
Bear River just below the Upper Bear River rockfill dam, are only few 
miles from Salt Springs Dam, and are near the Carson Pass Highway about 
miles out Jackson, California. They were completed 1952. 
The 245-foot No. dam the main dam and the 150-foot No. dam 
wing dam, the two being separated granite knoll, Fig. and 19. The 
reservoir stores 49,000 acre feet for use power drop one mile four 
connection with the Lower Bear River dams, the purpose this paper 
thoroughly present the performance data and more briefly present de- 
sign and construction data. Comparisons will made with Salt Springs Dam. 
The two Lower Bear River Dams will discussed separately. 


Design Lower Bear River Dam No. 


The site was exposed massive granite requiring streambed excavation 
and nominal excavation loose material from pockets the abutments. The 
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concrete face rockfill dam was selected the basis lowest estimated cost 
and adaptability the site and the operation the reservoir. 

The outlet works are illustrated and described references (23) and (28). 
The spillway double side channel spillway located the knoll between 
the two dams and discharges unlined channel, Fig. 11. The design ca- 
pacity 12,000 cfs. This discharge passed with depth 4.6 feet over 
the open crest weir, and 3.4 feet freeboard the 4.0-foot high coping wall. 

The main design features are shown the section, Fig. 11, and the 
joint arrangement shown Fig. 14. The face moderately curved 
plan, and the shape cylinder 4350-foot radius tilted 1.3:1 slope. 
the crest the center arches feet upstream and 0.4 height only feet. 
This arching just enough give favorable appearance after settlement 
and give tendency toward compression across the face rather than 
tension. The moderate compressive stress and closing joints preferred. 

The 1.3:1 upstream face slope requires greater quantities than the 1.33:1 
slope for the top 245 feet Salt Springs Dam. The exposed rock 
foundation and the narrow canyon made the greater quantities nominal and 
was thought that lower bid prices due convenience building the face 
the natural slope would offset the cost associated with the increased quantities. 
Observations during construction indicated that this was not the case, and the 
subsequently designed Wishon and Courtright face slopes are variable and 
are steeper than that Salt Springs. 

The Lower Bear River designs are significant transition between the 
early Salt Springs design and the recent Wishon and Courtright dam designs. 
The remaining significant features will reviewed comparison with Salt 


Springs. 


Comparison with Salt Springs Design 


Improvements.—Though the face troubles Salt Springs were not serious, 
was desired obtain more watertight dam Lower Bear River. Also, 
the minimum reservoir operating level 120 feet above the base the dam, 
and unwatering the reservoir would require shutdown the plant and loss 
2200 acre feet dead storage. With the knowledge gained from Salt 
Springs, was considered that more watertight face could obtained. Im- 
provements minimize settlement, face cracks and leakage are considered 
be: 


(1) Sluicing: High pressure sluicing, with water rock ratio 
volume, was specified provide fill that would give minimum 
settlement. 

(2) Hinge Slabs: The 15-foot slabs along the abutment were provided 
minimize prevent cracks the slabs near the abutments. 

(3) Soft Horizontal Joints: release compression that might develop 
line down the face, the horizontal joints contained one-half inch thick 
redwood boards addition the U-shaped copper waterstop, Fig. 17B. 

(4) Lift Surface Cleanup: The lift surface was specified scarified, 
sluiced otherwise prepared obtain rough exposed rock surface 
for contact with the succeeding lift. 

(5) Two-Inch Open Joints: prevent the crushing vertical joints near 
the top and central portion the dam, joints that area were con- 
structed inches open, Fig. 17. 

(6) Additional Horizontal Joints:, The horizontal joint spacing the same 
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Salt Springs except for two additional soft joints the central 
part the dam. 


Economies.—The economies over Salt Springs design were: 


(1) Placed Rock: The thickness the top was changed from feet 
and feet were added for each 100 feet height, Fig. 11. Because the 
face area the top half the dam much greater than the lower 
half, this resulted less volume placed rock. put the thicker 
placed rock the area greatest movement and the area that 
not unwatered normal operation. 

(2) Cut-Off Trench: The cut-off trench was decreased from feet 
width and from 7.5 feet deep the base the dam. The specified 
depth was feet for the top both dams. 


Identical Features.—Several design features were left unchanged and are 
follows: 


(1) Slab Thickness and Reinforcing. The theoretical thickness varies from 
foot feet 300 feet height and reinforced the center with 
0.5% reinforcing each way, Figs. and 11. 

(2) Downstream Slope. The 1.4:1 layout line was used Salt Springs 
case the natural dumped slope was that flat. was steeper and over- 
built berms resulted, Fig. Though the natural slope considered 
adequate the 1.4:1 control slope was used Lower Bear River, Fig. 11. 
gives somewhat flatter than natural slope and makes the layout de- 
terminate regardless the actual dumped slopes. 

(3) One-Inch Open Vertical Joints. Except for the upper portion the 
central joints being constructed inch open, the rest are inch open 
Salt Springs. Though may predicted that certain joints will 
open, the inch considered desirable permit assured articulation 
the slabs. 

(4) Joint Rib Keyways. The design was the same but the rectangular verti- 


cal keys were changed triangular shape during the job make the 
placing rock easier. 


Construction Lower Bear River Dam No. 


The job was awarded Utah Construction Company July 1950 and com- 
pleted October 1952. The diversion tunnel, opening quarry, construction 
haul roads, clearing and excavation were accomplished the remaining 
four months the 1950 construction season. Due snow this 6000-foot 
elevation the Sierras, the construction season about six months, May 
through October. The actual dam construction both dams took one year, 
six months 1951, and six 1952. 

detailed and illustrated description construction presented refer- 
ences (24), (25), (26) and (27). Photographs construction are presented 


Figs. 12, and 18, and completed dam Fig. 19. Table gives tabulation 
physical data. 


Foundation and Cutoff 


The foundation solid granite. streambed excavation was required 
and pockets overburden were removed sluicing. 
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Grouting was 25-foot deep holes 10-foot centers with every fifth hole 
feet deep. The 50-foot holes were core holes and water tested. Data for the 
cutoff grouting for the 2510-foot length cutoff for both and No. dams 
one hole every 9.7 feet; 4.3 feet drilling per lineal foot cutoff; 3.4 
cement per foot cutoff; 85% cement holes taking more than 
sacks; and 258 holes took more than sacks cement. the 
sack cement. 


Dumped Rockfill 


Quarry.—The location and number quarries was left the Contractor, 
the only requirement being that must least 150 feet from the cutoff 
the dam the quarry floor were below crest elevation. The rock for both 
dams was obtained from one main quarry and one small toe quarry, Fig. 
and 18. The “coyote” quarry method was 1,260,000 cu. yds. 
solid rock from the Main Quarry were obtained blasts with 0.60 lbs. 
powder per cu. yd. and 460 cu. yds. solid rock per foot 3.5 5.0-foot 
coyote hole. The largest shot used tons powder and yielded 307,000 cu. 
yds. solid The coyote method produced substantial amount fines 
near the coyote holes and many large rocks that required secondary drilling. 

Composition Rockfill.—The rock gray, fine-grained grano-diorite that 
has compressive strength 15,000 20,000 psi. Quarry run rock pre- 
dominantly large size, tons, was specified. Fines inch and less 
size were specified less than weight. constructed, more than 
50% the rock estimated 20-ton size and many loads with more 
than fines were used the fill. Where fines were dumped over large 
clean rock they were not rejected. Including overburden, weathered and 
decomposed zone and the cleanup fines the quarry floor, the waste was 
roughly about 15%. Fig. shows the character the rockfill. Note that 
though large rocks segregate near the toe, there are many that remain the 
upper portion the lift. 

Lifts.—Specifications called for not more than lifts plus topping lift for 
the 245-foot high dam and for lift surface cleanup fines. Two main lifts 
were used, Fig. 11, with part the dam constructed one main lift. The 
5660 lift minimum top width, was give early start the construction 
placed rock. minimum top width provide earliest completion, 
and minimum surface cleanup. Also, minimum top width let some 
the next lift greater height. However, order keep all shovels 
and trucks busy, portion the 5660 lift was extended the downstream 
slope along the left abutment. Fine material cleaned from lift surfaces 
was cast over the downstream face and gives the dam the appearance being 
smaller rock than the case. The upstream face dumped slope nine 
sections 85-foot height averaged 1.28:1 and the horizontal distances 
for vertical were: 1.25, 1.27, 1.21, 1.27, 1.26, 1.33, 1.34, 1.33, 1.24. 
dumped slope large rock quite irregular. The upstream slope 
sections 105-foot height Dam No. averaged 1.24:1 and were 
the range 1.20:1 and 1.32:1. These upstream slopes were selected loads 
the larger rocks tons. The average downstream slope for 
sections 120-foot height Dam No. was 1.31:1 and ranged from 
1.26 1.40. The 1.31:1 average slope was for rockfill smaller and more 
broadly graded rock than the upstream slopes. 
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FIG, 12.—DUMPING ROCK 120-FT LIFT 
LOWER BEAR RIVER DAM NO, 


FIG, FACE SHOWING DUMPED ROCK, PLACED ROCK AND CON- 
CRETE FACE CONSTRUCTION LOWER BEAR RIVER DAM 


SALT SPRINGS AND LOWER BEAR RIVER 101 
| 


102 SALT SPRINGS AND LOWER BEAR RIVER 


Sluicing.—Sluicing was volume ratio water rock 3:1. The ratio 
rather arbitrary and the rock relatively clean 2:1 would probably 
quite adequate. cost study showed that for the 2:1 ratio the cost was 4.6 
cents per cu. yd. and 75% the cost was the labor cost the monitor oper- 
ator. For 3:1 the labor the same and the increased pumping energy and 
piping cost only increased the unit cost 0.4 cents. Therefore, the 3:1 ratio 
was adopted. 

Four monitors were used with 2-1/2 3-inch nozzles and psi 
pressure the nozzle. pumping plant electric 12-4210 gpm-275- 
foot head Ingersoll Rand pumps were used. Normal operation was with 
pumps and monitors. Piping began with 12-inch line and branches 
inch lines with 25-foot lengths 8-inch heavy rubber hose leading 
the monitors. Monitor discharge ranged from Salt Springs, 
with pressure, the sluicing water softened moved dirt and quarry dust 
but did not excavate pockets spalls did the jet sluicing Lower Bear 
River. 

Settlement During Construction.—During the months 1951 construction 
season 70% the dumped rock and 14% the placed rock was constructed 
Dam No. The end the first months the 1952 season saw the 
dumped rock nearly finished and the placed rock just reaching its peak rate 
15,000 cu. yds. per month. Except for several slabs poured the base 
the dam 1951 serve the diversion dam, all slabs were poured late 
1952. The placed rock was placed the theoretical shape the face and 
significant movement after placing was not observed. The concrete was 
poured the theoretical points the face. movement placed rock had 
taken place was intended pour concrete required thickness and not 
theoretical layout points. 

Lines and settlement points were set October 1952 while 
upper slabs were being poured. November 28, 1.7 months later, readings 
were taken the dam was being snowed for the winter. The maximum 
settlement for the 1.7 month period was 0.095 the U-line Station 80, 
Fig. 16. 

The small movements during construction are with the 
greater movements Salt Springs, and the difference sluicing method 
considered the reason. 


Placed Rock 


The placed rock was specified predominantly large size rock and 
obtain maximum rock rock contact with voids kept minimum. Voids 
were Rocks were set down give forward and lateral contact 
well bottom contact. Keyways were formed the placed rock for the joint 
ribs, the same way Salt 

The placing was from crawler cranes 1-1/2 3-1/2 cu. 
yd. size, and many cranes were working Dam No. one time. 
The cranes operated from the top the placed rock, Fig. 13, and moved 
across the dam placing layer 12-foot height. This required 
reasonably level surface which slows down the work and was #till sufficiently 
rough that timber pads were often used walk the cranes. Selected loads 
large clean rock were dumped the upstream face provide supply 
rock the cranes, such that removal the large rocks would not leave 
inferior rockfill surface fines and small rock adjacent the placed rock. 
Handling was cable slings and required about men per crane. 
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The 112,000 cu. yds. required for both dams took 298U crane shifts which 
gives average cu. yds. per 8-hour crane shift. the peak the job 
29,000 cu. yds. were placed August, 1952 rates and cu. yds. per 
crane shift for Dams No. and No. respectively. The cu. yds. per crane 
shift compares with for Salt Springs, 100 for Bowman and 100 for 
some other dams. Much consideration was given the Specifications and 
procedures for the Company’s recent Wishon and Courtright Dams, and rates 
there average about 135 and peak 200. 

Concrete Face.—Concrete was specified 3000 psi concrete and con- 
tain entrained air. The concrete face(27) was poured largely 
Pumpcrete, but also crane and bucket where crane access was possible. 
Specially designed steel forms 2'-6" 7'-0" dimension were continually 
moved ahead the concrete channel whalers that were fastened the 
placed rock ft. spacing. The forms were stripped while the concrete was 
still green and the surface given wood float. Initially, the steel forms were 
left place until needed and the surface was observed contain many air 
bubbles. The procedure was changed remove them promptly and give the 
surface wood float hard dense surface desirable resist the 
frost action. The concrete work progressed very rapidly, all but the four 
bottom slabs being poured August, September and early October 1952. 
Due the surface steps and irregularities the placed rock, the average 
slab thickness exceeds the design thickness. This excess thickness averaged 
inches for the dam. 


Performance Lower Bear River Dam 


The service record this dam has been very satisfactory date, and 
covers period five years. Only two face cracks have developed, maxi- 
mum leakage has been cfs, and settlement has been low. 


Settlement 


During Salt Springs experience, was expected 
that the placed rock face would settle the dam was being constructed and 
that, steepening the slope place rock the design lines, the shape the 
face would concave. The concrete was planned poured design 
thickness and not layout lines order avoid excess concrete and obtain 
the concave line. The movement was nominal that the concrete face was 
poured the design layout lines 1.3:1 slope. The numbers the points 
the and lines, Fig. 16, give the vertical settlement for days between 
setting the bronze pins and completion the dam November 28, 1952 (40 
days for line). The maximum movement was 0.095 foot 1.15 inches, 
which very small. 

Settlement Contours.—The reservoir normally not drawn down below 
el. 5700, Fig. 15, but was completely emptied November 1954 which made 
possible obtain complete settlement measurements for the two-year 
period. These are shown contours and horizontal sections Fig. 
and vertical sections Fig. 16. The face has adjusted the shape shown 
the contours without cracking. Some comparisons with Salt Springs have 
been discussed. 

interesting that the maximum settlement toward the left and steeper 
abutment both dams. Assuming uniformly compacted rockfill, the point 
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maximum settlement should toward the flatter abutment. The steep 
abutment should resist the drag settlement, from the high movements 
the maximum section, more than the flat abutment. The tendency higher 
settiements near the left abutment Dam No. considered due 
the construction all lifts from right left abutment. Salt Springs 
considered due the main lifts going from right left abutment and 
also due the inferior fill from the left abutment spillway quarry. course 
the maximum differential settlements are near the steep abutment. 

Settlement settlement sections, Fig. 16, and Table show 
the progressive movement during four years. July 13, 1953, six weeks 
after reservoir filled for the first time, crest readings were taken, Fig. 16. 
Five months later, after reservoir had lowered, Fig. 15, readings were again 
taken. The major settlement took place during the first filling. The 
movement during the last five months the first year was not very great. 
That the face takes its major movement the first year and then moves very 
little strikingly apparent and very favorable this type dam. 
means that cracks are occur, they should occur the first year and after 
being repaired the dam might require little further scheduled unwater- 
ing maintenance. That the movement very close normal the face 
also favorable since movement other than normal the face causes stress 
the slab and joint opening closing. That the movement essentially 
normal does not mean that the fill settles the same way since the reinforced 
slab, that interlocked the large surface placed rocks, certainly resists 
any movement other than normal. Some readjustment rock contacts 
zone underlying the face slab can permit the fill move other than normal 
the face without moving the face slab. 

The significant settlement that the maximum section since its 
movement appears drag the adjacent sections. This influence seen 
comparing the sections and tabulations about equal height Dam No. 
Fig. and Table and Dam No, Fig. 21. Comparison sections 
equal height the same dam further shows the influence maximum section 
the abutments different slopes. considered that expressing the 
vertical crest settlement the horizontal crest settlement; i.e., deflection, 
per cent height only significant the maximum section the 
abutments are steep. Study the tabulations Table and show this. 

The matter dragging from the point maximum movement also occurs 
within the section. The maximum settlement due the first complete filling 
about 0.4 height. the top there water load and for the 1.3:1 face 
dam the water load for the lower two-thirds the face transmitted bed- 
rock upstream from the axis, and does not directly affect the rock under the 
crest. The movement the crest caused water load due drag and 
readjustment the rocks and appears reasonable that maximum settlement 
not the crest. 

Vertical Joint Movement.—The vertical joint movements Dam No. 
Fig. 17A, are markedly less than those Salt Springs, Fig. The maximum 
joint closure 5/8 inch and where the joints were con- 
structed inch and inch open, Fig. 17C. All joints except close 
slightly. The vertical joint movement very satisfactory and confirms the 
design practice leaving all vertical joints minimum inch open. Based 


the three readings the R-Line, the joint movement took place the first 
year. 
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Most the joint closing due the resultant settlement which shortens 
the moderately arched face. Comparison the net joint closing along lines 
through Fig. 17A with the computed shortening is: 


The difference measure the net change length the total length 
slabs due horizontal stresses the slabs. Because the central slabs are 
compression and the abutments slabs tension, the net change length 
not very great. 

Horizontal Joint Movement.—Both vertical and horizontal joint movements 
are accurately determined measuring between center punched 5/8-inch 
bronze pins each side the joint and near each corner the slabs. The 
horizontal joints contain 1/2-inch board redwood and are termed soft 
joints. The wood filler rather than extrudable filler was used give some 
resistance movements before yielding. Tests indicated that the redwood 
resisted 1000 psi when crushed one-half thickness and 5000 psi when com- 
pressed three-tenths its original thickness. The joint are all with- 
acceptable 0.03 feet except for several the V-Line, Fig. 17B. The 

The top joint, R-Line, either closes very moderately opens; all 
movements being less than one-eighth inch. The other horizontal joints close 
increasing amount toward the bottom the dam. Inspection the contours 
and sections showing settlement make this seem reasonable. The upper 
portion the face supported substantial amount rock that receives 
little water loading. The rock under the central and lower portion the 
concrete face pushed down without the restraint the rock downstream 
from the axis and not loaded the water. This tends give greater com- 
pression toward the base the dam and, fact, tension the top slabs. 

Lateral Face Movement.—The lateral positions points are determined 
stationing along each line points. The movements shown Fig. 17C 
are the range 1/8 1/2 inch and are the order the accuracy the 
chaining across the face the dam. believed that the readings are not 
significant except indicate that lateral movements are very small and that 
the lateral movements the well sluiced Dam No. rockfill are much less 
than for Salt Springs. repeated that the rockfill lateral movement 
probably greater than measured the slab due the resistance the slab 
and joints movement. Measurements the change width the 60-foot 
wide slabs show all abutment slabs tension horizontally with 
elongations 0.06 0.01 feet feet. Central slabs are compression, 
having shortened generally 0.005 0.015. shortening 0.01 feet repre- 
sents compressive stress about 700 psi. 

Face Cracks and Maintenance.—Two cracks different causes have oc- 
curred, Fig. 17C, the five years service. shown Fig. 17C, the 
abutment slabs, below the minimum operating level 5700, are covered with 
two layers 12-inch planks anchored the concrete. Whether there are 
cracks these hinge slabs not known. The vertical crack near Station 
slab that has increased width about 0.04 feet and that slab 


under tension horizontal line. was filled and covered with rubberized 
asphalt. 
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The failure 20, Fig. 17C, joint intersection where joints 
have closed 0.040 and 0.043, Fig. 17A and 8-foot piece concrete 
cracked and raised 0.10 feet. The 0.043 closure joint that contains 
0.042 thickness redwood. order for joint close, the underlying 
concrete rib and some rock contacts must crush. With the high compression 
both directions, the crushed rib could exert large force raise the edge 
the slab. The broken zone was not removed see what happened, but 
plastered with rubberized asphalt. 

Leakage.—A V-notch leakage weir located massive exposed granite 
the streambed below the The leakage has never exceeded the re- 
quired release and the maximum 1957 was less than cfs, Fig. 15. 


Lower Bear River Dam No, 


The No, dam relatively small 150-foot high wing dam the Main 
No, dam, Fig. 11, and 19. similar Dam No. but being only 
150-foot height some economies and simplifications design were made. 
The No, dam will discussed relation Lower Bear River Dam No. 


Design 


Features the Same Dam No. 1.—The overall specifications were the 
same. The placed rock thickness, crest width, face reinforcing and cutoff de- 
sign were alike. The vertical joints were the same, except that none were 
inch The inch joint was considered more than necessary for this low 
dam with gradual profile but was used practical minimum. 

Features Different From Dam No, 1.—The primary difference design 
the upstream face slope 1:1 compared 1.3:1 for Dam No, For 
Dam No, drill holes indicated that considerable earth overburden would 
have removed and minimum base thickness dam was desirable. The 
1:1 slope was adopted being economic and suitable for the entire 150 feet 
height Dam No. was believed that the 1:1 face would more diffi- 
cult construct. Observation the simultaneous construction the two 
dams different face slopes indicated that unit costs should about the 
same and placed rock was actually placed rate Dam No. 
Neither the “soft” horizontal joint nor the hinge slabs were considered neces- 
sary for the low height and gradual profile this dam, and they were not 
used. Fewer horizontal joints were used and the crest alignment was straight. 

Horizontal Joints.—The horizontal joints are essentially construction cold 
joints with copper waterstop and the reinforcing does not pass through the 
joints. elevation 5713 the joint useful providing articulation the 
face slab and also construction joint. The slabs below el. 4713 were 
covered with two layers 12-inch planks which were used forms and: 
the hole below el. 5713 was then backfilled with earth, Fig. and 20. ad- 
dition providing water seal the backfill gave construction road access for 
placing rock and concrete. The 5770 joint was for construction reasons. 


Construction 


Dumped Fill.—Dam No. was constructed essentially one lift, which be- 
came the haul road Dam No. Figs. and 18. Quarry waste was dumped 
the downstream face outside the downstream design slope the dam 


as 
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FIG. VIEW DURING CONSTRUCTION 
LOWER BEAR RIVER DAMS NO, AND 


FIG. 19.—AERIAL VIEW COMPLETED DAMS FIRST FILLING 
LOWER BEAR RIVER DAMS AND 
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give wider haul road and one that was available while the top small lifts 
were being constructed. 

Placed Rock.—Fig. shows the construction The lower placed 
rock Stage was placed from cranes operating from upstream the cutoff 
the 5713 backfill. Stage increment construction where 
the placed rock was placed lifts from crane operating the placed rock, 
dumped rock was then dumped and was caught the placed rock. 

Concrete.—Concrete was all placed buckets handled cranes. Cranes 
near the cutoff serviced the lower 80-foot slab and cranes the crest 
serviced the top slab. 


Performance 


Dam No. has had face cracks, leakage and maintenance its 
first five years service. Settlement has been very moderate. 

Settlement.—Settlement shown contours, section and tabulation 
Fig. and 21. The low settlement associated with dam, for which the 
Stage main lift was used roadway haul 800,000 cu. yds. rock 
Dam No, Also, the main fill was completed August 1951 and the water 
load applied one year and eight months later. The overfill 176,000 cu. yds. 
waste dam 350,000 cu. yds. would have provided some resistance 
horizontal deflection, but perhaps not vertical settlement. 

The movements shown the settlement contour drawings Fig. 
are much smaller than the movements Salt Springs, but they have similar 
characteristics. The first year waterload settlement greatest near four- 
tenths the height and the later aging settlement greatest the crest. Fig. 
20B indicates that the aging settlement greater near the left abutment. The 
dam being dumped from right left abutment, the left abutment fill did not 
obtain the compaction the drag the dumped slope the extent that the 
right abutment did. The crest settlement due both water load and aging 
about the same for Sections and even though the Section 
Station twice the height. the abutment profiles had been the 
same, more specific comments the effect the direction dumping 
the settlement could made. 

The sections and tabulation Fig. give detailed record the settle- 
ment during the first four years. The crest settlement 0.21% for first 
year and total 0.25% for four years, for the 140-foot high section Station 

Joint Movement.—The measurements across the inch open vertical joints 
are not shown because there has been zero opening closing the joints. 
has been commented discussing the Dam No. joints, takes 
large force close vertical joint and the temperature stresses alone have 
not been great enough cause the necessary crushing and below the joint 
ribs. appears that this dam could have been faced with continuous slab 
without experiencing any cracking. 


CONCLUSION 


attempt has been made interpret and discuss the performance the 
Salt Springs and Lower Bear River concrete face rockfill dams. However, 
the value this paper considered the reasonably complete 
presentation facts, from which the reader can draw his own conclusions. 
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The settlement data for these concrete face rockfills value engi- 
neers engaged design core rockfill dams well dams having im- 
pervious face membranes. The movements essentially normal the face 
should similar those for sloping core rockfill. noted that the 
measured lateral movements the concrete face are less than those the 
underlying fill due the resistance the slabs and joints movement. 

The lessons learned thorough examination design, construction and 
performance the Salt Springs and Lower Bear River Dams have made 
possible effect substantial savings the cost the Wishon and Courtright 
Dams,(29) without affecting the unquestionable safety the dams. The design 


and construction these dams being covered separate paper this 
Symposium. 


ORGANIZATION 


The design the Pacific Gas and Electric Company’s Salt Springs Dam 
1928 was under the direction Markwart, then Chief Engineer, 
Steele, then Chief Civil Engineer, and Walter Dreyer, then Assistant 
Chief Civil Engineer. The design the Lower Bear River Dams 1950 was 
under the direction Steele, then Vice President and Chief Engineer, 
and Walter Dreyer, then Chief Civil Engineer. Associated with the engineer- 
ing both dams were Corwin and Green, and Lower Bear 
River Dams, Cooke. 

Construction Salt Springs was Company forces under the direction 
Peterson. Construction the Lower Bear River Dams was Utah 
Construction Company, and construction supervision and Co. was 
directed Swank, Vice-President charge General Construction 
and Haberkorn, Manager Hydroelectric Construction, 
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DISCUSSION 


CARLOS —Salt Springs and Lower Bear River Dams provide 
invaluable experience for the designers rockfill dams, and the knowledge 
the designs and the construction methods employed well the knowledge 
the settlements and leakages recorded, presented Mr. Steele 
and Mr. Cooke, will contribute the improvement future dams 
this type. 

Mexico, the Federal Electricity Commission built, between 1954 and 
1956, the 180-ft high Pinzanes rock fill dam, for its Tingambato hydroelectric 
project, its main object being provide reservoir for the hourly regulation 
the flow used for the three Francis type turbines 72,000 each under 
average head 1,620 ft. Due this high head the power plant the water 
has also high value and minimum leakage desired. 

The Pinzanes dam site located active volcanic zone composed 
granite type rock greenish color and not very sound, except few places 
that were used quarry from which rock was blasted three four 
different levels order choose the best kind rock sent trucks 
the dam site, and dumped from minimum height feet. The rock sent 
from the quarry was not larger than tons and the average size was around 
0.25 tons. Much the rock was broken impact the dumping from 
the trucks, and the fines well the smaller pieces rock were carried 
into the voids the larger pieces the water used liberally and high 
velocity through nozzles fed electric pumps. The water jets were directed 
the falling rocks and later the pieces already place, order keep 
their surfaces free from dust from chips and provide suitable contact 
for the next loads rocks. The water was used average cubic 
feet water for one cubic foot rock. 

Fig. shows the plan, developed view the face, and section the dam. 
plan the dam curved with 870 foot radius the centerline the 16.5 
foot wide crest. The upstream slope 1.2:1 and downstream slope 1.3:1. 

The thin concrete face layer hand placed rock uniform 6.5 foot 
thickness. The slabs are reinforced with double mesh one-inch round 
steel inches centers the lower slabs and one layer same spacing 
the slabs near the top the dam. The joints between two slabs are the 
flexible and impervious type used the Salt Springs Dam, made with copper 
sheet embedded each slab and the center, keeping slot one 


Engr. Comision Federal Electricidad, Mexico. 
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inch between the slabs, that finally was filled with asphalted celotex and with 
asphaltic compound the upper two inches the slot. the slabs located 
near the face the hill additional flexible joints were provided parallel 
the cutoff joint. 

Along the cutoff, the sandy bed the river, was necessary exca- 
vate more than was originally planned, and the original sand and gravel was 
replaced with masonry more resistant settlements than the surrounding 
rockfill; there was flexible joint the slabs the top this masonry; 
the result was crack the slab soon after the concrete was poured. This 
crack was treated very easily with asphaltic compound and finally covered 
with clay fill, Fig. 22. Another crack the concrete was located one slab 
which the reinforcing steel was wrongly and rigidly connected with the rigid 
wall the unwatering conduit located the bottom the dam. There 
doubt that the leakage through the face the Pinzanes Dam through these 
two cracks, that is, the two places where the slabs were not flexible enough 
follow easily the settlement the rock fill. 

When the reservoir was first filled, water soon appeared the foot the 
downstream face with the same brown color the impounded water. Two 
three days later, second spring was located near the first, but with color- 
less appearance. was very clear that the first water came from the cracks 
the concrete slabs, and that the second came through the hill. The maxi- 
mum initial leakage amounted 12.5 cfs but gradually was reduced down 
5.5 cfs from which almost 50% comes through the foundation. The re- 
duction was obtained pouring small amounts coarse sand followed fine 
sand, through 6-inch diameter pipe laid the upstream face the dam, 
from the crest the site the cracks. 

The capacity the Pinzanes reservoir only 4,300 acre feet that 
can readily unwatered, and was easy repair the cracks when the power 
plant was not yet service; but now not desirable empty the reser- 
voir down the very bottom make the repairs, and although the water 
valuable Pinzanes explained before, does not pay stop the plant for 
about two weeks for the saving cfs. Nevertheless, method used 
the Pacific Gas and Electric Company detect the position the cracks and 
fill them without emptying the reservoir will tried the future. 

The main object this discussion point out the benefits derived from 
the experience obtained the Salt Springs Dam the design and construction 
the economic and very satisfactory Pinzanes Dam. The design and super- 
vision was made Mr. Jesus Chavez Solano, from the Comision Federal 
Electricidad Mexico, after careful study the Salt Springs features and 
experience, especially those regarding the liberal use water during the 
dumping the rock, and the provision flexible joints near and paralleling 
the abutments. 

The crest the dam was built crest profile based overbuild 
1.5 per cent the height the point above the profile the cutoff wall. 
However, such settlement far from being reached, and this dam can 
ranked among the most successful, far know, because even after the 
earthquake July 28, 1957, the dam did not show damage cracks. The 
intensity the earthquake was the fifth degree—Mercalli System, with 
acceleration between and millimeters per second per second. 
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GEOFFREY ASCE.—The details this paper the settle- 
ment behaviour the Salt Springs Dam, and the comparison this behaviour 
with that the Lower Bear River Dams, provide matter great interest 
engineers Australia where, many cases, rockfill the only economical 
form construction available. surprising see the amount settle- 
ment which did occur the Salt Springs Dam during and immediately after 
construction. might asked whether such settlement would have occurred 
had the construction been carried out small lifts the order 50' instead 
the high lifts which were used. should possible with lower lifts ob- 
tain full settlement each layer during placing and hence avoid later 
setilement. 

The use reinforced concrete face placed stone thick has 
obviously given very good performance despite the movement which has oc- 
curred the fill, but would interesting know the amount leakage 
which has taken place through the dam. would appear that controlled 
river system with numerous dams one stream, that substantial leakage 
would not serious item, whereas such leakage would quite serious for 
water storage dam arid area low rainfall. 


MASATOSHI author’s paper which presents concise infor- 
mation concrete face rockfill dams very valuable the engineers inter- 
ested such type dams. The writer has prepared brief discussion 
the basic paper, presenting some data the concrete face rockfill Ishibuchi 
Dam manner that may conveniently compared with that presented 
the authors Salt Springs and Lower Bear River Dams. hoped that the 
discussion may add something the general pool information the 
subject rockfill dams. 

Ishibuchi Dam the concrete face rockfill type, located tributary 
the Kitakami River, was completed 1953 the Ministry Construction. 
The main reasons for adopting this type this site were unfavorable geologi- 
cal conditions and difficulty procuring cement that time. Fortunately, 
sufficient supply rock was available from quarry consisting dacite, 
while sufficient core materials were not obtainable nearby. Therefore, the 
concrete face rockfill type was adopted. Physical data are shown Table 


Design Features 


The mean slope the downstream face, 1.6:1 was determined consider- 
ation stability against earthquakes. From the economic point-of-view, 
would have been better adopt more gentle slope account the finish- 
ability the face. The slope the upstream face which concave towards 
the reservoir varies from 1.4:1 1.2:1 and the axis the dam the plan 
slightly curved convexly towards the reservoir. effectively reinforce the 
parts where the differential settlement the dam greatest, the thickness 
the placed rock, (9.8 ft.) the crest, increased linearly 
(16.4 ft.) the portion from the crest and made from this 
portion down the bottom. The facing slab reinforced concrete and its 
thickness varies from (15.8 in.) the crest (23.6 in.) 


Engr., Gutteridge, Haskins Davey, Sydney, 
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the base. The amount was about 0.5% the slab section 
and two layers were adopted consideration resistance temperature 
changes and settlement the rockfill dam. The facing slab was generally 
divided into meter (32.8 ft.) squares the horizontal and vertical joints, 
and exceptionally (9.8 15.4 ft.) horizontal joints were adopted 


TABLE DATA ISHIBUCHI DAM 


Year completed 1953 
Effective storage 11,960,000 (9,800 acre feet) 
Crest elevation 323 (1060 ft.) 
Height axis (174 ft.) 
Crest length 345 (1130 ft.) 
Surface area face 11,490 
Slopes (horiz, vert.) 
Upstream 1.4 
Downstream 1.6 (mean) 
Placed rock thickness 
Top (9.8 ft.) 
Bottom (16.4 ft.) 
Excavation overburden 131,500 (172,000 yd.) 
rock 36,000 
Dumped rock 361,400 (473,000 cu, yd.) 
Placed rock 49,900 65,300 
Concrete (slab keyway) 8,800 11,500 cu, yd.) 


the paft adjacent the river bed where more flexibility was needed. The 
idea above mentioned similar that the hinge slab adopted Lower 


Bear River Dam. The plan, upstream view, cross section and details are 
shown Fig. 23. 


Foundation Treatment 


Geologically the dam site consisted mainly liparite decomposed joint- 
considerably, and the foundation rock was carefully grouted. total 
1,587 tons cement was injected through 9,640 meters bored holes for 
curtain grouting. This shows the unfavourable geological condition the site 


comparison with that the sites both Salt Springs and Lower Bear River 
Dams. 


Item Data 
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Quarrying, Dumping and Sluicing 


Rocks were quarried coyote blasting method quarry 1.5 kilometers 
upstream the dam site and transported the dam site the side-dump 
cars which were pulled diesel locomotives two railroads constructed 
El. 299 meters and El. 323 meters. The properties rocks were follows: 
specific gravity 2.5, absorption 4.1% and compressive strength 1,290 kg/cm2 
(18,000 psi) 1,610 kg/cm2 (23,000 psi). Fill-rock was dumped mainly from 
bridge spanned across the river, which was constructed the 299-meter 
level the first stage and raised the 323-meter level the secondary 
final stage. 

Uniformity grading fill-rock along the axis the dam was obtained 
this device dumping. order expedite the settlement rockfill 
the upstream part, fill-rock was dumped this part prior the dumping 
the downstream part. Maximum dumping height was (95 ft.) and such 
fines reported the paper Salt Springs Dam did not accumulate the 
top zone the lift. Sluicing water was jetted the quantity not less than 
two times the volume dumped rock and the pressure (100 
psi). However, effectiveness sluicing such volume water was not suf- 
ficient. Dumping was started May 1950 and finished June 1953. Placing 
rocks the rubble wall section was started July 1951 and came 
end March 1953. 


Settlement 


Observations settlement the rockfill were conducted during the con- 
struction period some points located the 299 lift and the observation 
data are shown Fig. Settlement the rubble wall during the construction 
period was also observed some points located the surface the placed 
rock. Location the points are shown and maximum settlement 
during the construction Table 


TABLE 6,—SETTLEMENT DATA PLACED ROCK 


Maximum Settlement, 


Location Points 
Near crest-18 


Observation Period 


Oct, 1952 
March 23, 1953 
July 28, 1952 
Sept, 24, 1952 
June 22, 1952 
18, 1952 


June 22, 1952 
July 21, 1952 


June 22, 1952 
July 14, 1952 


Near 137 (0.45 ft.) 


203 (0.67 ft.) 


Storing water the reservoir began December 1953 and the reservoir 
was full April 1954 and then was maintained the same state during the 
following two months. October 1954 the water the reservoir was drained 
wholly repair the pressure tunnel for power generation and the storing was 


resumed December 1954. Settlement data concrete facing slab are 
shown Fig. 
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point relationship settlements between the crest and the lower 
parts, the data show similar tendency those Salt Springs and Lower 
Bear River Dams. considered that this shape the settlement curve 
due the following reason: the settlement the portion near the base oc- 
curs more quickly than that near the crest, where the water pressure and own 
weight dam are considerably smaller than those the other portions. Then 
considered the form the concrete face which concave the up- 
stream favourable from the viewpoint resistance against sliding along 
the surface the placed rock. 

regard the movement concrete facing slab along the direction 
the axis the dam, was found that all the vertical joints, each with 
initial opening centimeters, (0.8 in.) were compressed uniformly and con- 
tracted maximum 0.6 centimeter (0.23 in.). Also was found that all the 
horizontal joints were compressed and asphaltic materials inserted these 
joints were pushed out. 

Several cracks, similar those that developed Salt Springs, were found 
the slab near the abutments September when the reservoir was emptied 
(Fig. 27). Although some them were (0.1 0.2 in.) width, the 
majority were hair cracks. would have been preferable increase the 
thickness the rubble wall especially such parts those adjacent the 
steep abutments, well give the slab more flexibility such was suc- 
cessfully done Lower Bear River Dam No. 


Leakage 


The pamphlet “Dams Japan” describes leakage through the Ishibuchi 
Dam 226 lit/ min; however, this value incorrect and should replaced 
226 lit/sec (8.0 cfs). The leakage consists that passing through the 
foundation rock and that through the rockfill dam embankment itself and 
impossible separate one from the other. was decreased 204 lit/sec 
1957 and 190 lit/ sec (6.7 cfs) 


TATSUO authors’ paper concise presentation 
factual concrete face rockfill dams, especially determination 
dam cross section, rock dumping, and relationship between sluicing water 
dumped rock and settlement, derived from many years successful ex- 
periences the Pacific Gas and Electric Company the authors. 

The writer has prepared discussion which briefly outlines some practice 
and construction data the concrete face rockfill type Nozori Dam construct- 
the Tokyo Electric Power Co. The facts contained herein are presented 
with the idea that they may supplement the valuable data presented the 
authors the Salt Springs and Lower Bear River Dams. 

The Nozori Dam situated the high mountains, about 1,500 meters (4,910 
ft.) altitude and located the north-central part Honshu Island. Ele- 
vation this dam above sea level the highest existing dams Japan. 

this site, the working period was limited snowfalls winter and 
frequent rainfalls summer account being located the divide the 


Chf. Civ. Engr., Const. Dept., Tokyo Electric Power Company, Inc., Tokyo, 
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Pacific Ocean side and the Japan Sea side, and the transportation cement 
and other materials was minimized from the topographical remoteness. 
rockfill type was adopted from the economic viewpoint and consideration 
possible future heightening increase the storage capacity relation 
pumping-up scheme. And concrete face rockfill type was selected chiefly 
because the above-mentioned unfavorable climatic condition well un- 
availability suitable impervious fill materials near the dam site. Physical 
data are shown Table 


TABLE DATA THE NOZORI DAM 


Year completed 1956 
sq. 
28,400,000 (23,000 acre feet) 
(144 
152.5 (500 ft.) 
4,280 (46,000 sq, ft.) 


Catchment area 
Effective storage 

Crest elevation 

Height axis 

Crest Length 

Surface area face 
Slopes (horiz, vert.) 


Upstream 
Downstream (mean) 
Placed rock thickness 
Top 9.8 ft.) 
Facing slab thickness 
Top 0.3 in,) 
Bottom 0.6 in,) 
Quantities 
Excavation 46,400 (60,600 cu, 
Dumped rock 160,200 (210,000 cu, 
Placed rock 17,200 (22,500 cu, 
Concrete 
Facing slab 2,400 (3,140 cu, 
Cut-off wall 3,900 (5,100 cu, yd.) 
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Design Features 


The natural slope the dumped rock was presumed 1.3:1 (horizontal 
vertical). The 1.3:1 upstream and 1.5:1 downstream face slopes were de- 
termined consideration the influence earthquakes, and for the down- 
stream face, the 1.3:1 face slope with two berms 4.5 meters (14.8 ft.) each 
width, was actually adopted from the natural slope the dumped rock. The 
thickness the crane-placed rock, meters (9.8 ft.) normal the face for 
the full section, was thought enough, the case dam this scale, 
minimize the influence water pressure and settlement, but the lower 
part the thickness varied from 3.0 3.5 meters. The downstream face below 
the lower berm was paved with the thin placed rock. 
section the dam are shown Fig. and 29. Actually, overfill amount- 
ing the dam height was adopted consideration the settlement 
the fill-rock. 

The face slab reinforced concrete. The slab thickness the bottom 
was based 1.5% the water head. The amount reinforcing bar was 
about 0.5% the slab section and single layer arrangement the upper 
half and double arrangement the lower half were adopted. The joints the 
slab were arranged shown Fig. 28. These were divided meters 
(39.4 ft.) square, meters and meters, excepting the perimetral 
part adjacent the exposed foundation rock. these joints are shown 
Fig. 29. Vertical joints with U-shaped copper waterstops, filled with 
asphalt and packed the surface with asphalt containing 1.5% as- 
bestine fiber, are designed millimeters in.) open prevent crushing 
joints. Horizontal joints with flat copper plates, filled with asphalt, are also 
designed millimeters (0.4 in.) open. These flat waterstops were considered 
simplify the cross connection horizontal and vertical joints. Joint rib 
keyways are coated with asphalt milk before slab concrete placed. The 
shaped copper waterstops are used the perimetral joints cut-off wall and 
facing slab, both faces which are also separated asphalt fillers. 


Quarrying, Dumping and Sluicing 


Rocks the dam site and nearby are andesites and propylites. Quarried 
rocks, supplied from several quarries close the left abutment the dam, 
were obtained the coyote hole method blasts with coyote holes total- 
ing 1,120 meters length. About tons Carlit (powder explosive am- 
monium perchlorade) were used for blasting 215,000 cubic meters rocks 
and the average explosive factor was found 0.27. Quarried rocks weigh- 
ing 0.2 tons were used for the dumped rock. The physical properties 
the rock are shown Table 

The rockfill was dumped rear-dump and side-dump cars three stages 
dumping heights, meters (43 ft.). These dumping lines are 
El. 1490, 1505 and 1517 meters, respectively. Rockfill was constructed 
equal amounts the two month construction seasons June November 
1954 and 1955. The maximum rate dumping was 1500 cubic meters (1960 
yd.) per day. 

Sluicing was specified not less than three times the volume rock 
being dumped. Sluice water was pumped two 700-hp pumps from the 
Nozori River, supplied through two 150-millimeter dia. steel pipes the 
dumping sites and poured the dumped rock 64-millimeter dia. rubber 
hoses. Every rock was washed thoroughly with this sluice water concentrated 
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spillway 


(a) GENERAL PLAN 


Reinforced concrete 
facing slab 


Original 
foundation bed 1490 


excavation 


x_Grout hole 
3.0 


(b) MAXIMUM SECTION 


8.75 
12 


| | | El. 1487.721 


(c) DEVELOPED VIEW FACE JOINTS 


FIG, 28,—PLAN, SECTION AND DEVELOPED VIEW SHOWING JOINTS 
CONCRETE FACING SLAB 
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TABLE 8,—PHYSICAL PROPERTIES ROCK 


Date test pieces sampled 
1953 Aug., 1955 
2,705 2,700 


Item Remarks 


Specific gravity 
Absorption 
Compressive strength 
Wet condition 
Dry condition 


3,515 
3,189 


2,590 
2,446 


Weathering test 


Tested means 


solution 
Modulus elasticity 757,000 


kg/cm 


Measured 
Statistically 


from three points placed and water consumed for this purpose was 
about four times the volume dumped rock. The jet pressure the sluice 
water was about kg/cm2 (170 psi.). 

The rocks weighing tons the placed rock section, meters thick, 
were placed cranes least two months after the completion the dumped 
rockfill consideration the initial settlement. 


Leakage and Settlement 


Leakage and settlement the dam, after storing water, from 1956 
1958 are shown attached drawings. the leakage curve, Fig. 30, unex- 
pected sharp decline was seen the end October, 1956. The reason for 
this phenomenon appears that the severe cold weather brought unex- 
pected heavy snowfall the result which some the leakage was tempo- 
rarily absorbed snow the streambed between the dam site and the leakage 
weir. The maximum leakage was recorded 1956 which was less than 
liters per second (0.8 cfs.). The leakage tends decrease gradually and the 
maximum 1958 was only liters per second (0.4 cfs). 

Settlement the concrete facing slab after completion the dam shown 
that the placed rock Fig. 32a. The first-year waterload 
settlement greatest around four-tenth the height which agrees with the 
Salt Springs and Lower Bear River measurements. The later aging settle- 
ment thought greatest the crest, although was impossible ob- 
serve the facing slab movement account snow and ice that covered the 
slab Aprils 1957 and 1958. The maximum vertical settlement the 
crest occurred the joint No. and was observed centimeters (0.4 ft.), 
0.23% the dam height, about 50% which occurred during the first year. 

believed that this small amount due the dumped rock being well 

Three face cracks have occurred near the perimetral joint and spillway 
crest the first year service, shown Fib. The vertical crack 
developed from slab slab D5, the maximum width which amounted 
1.5 millimeters (0.06 in.), was about meters long. The horizontal crack 
parallel the perimetral joint the bottom the dam was about meters 
long and its maximum opening was observed 0.5 millimeters (0.02 in.). 
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Settlement of placed rock was observed from completion of rock 
placing to beginning of concrete pouring of slab above 
(a) SETTLEMENT PLACED ROCK 
DURING CONSTRUCTION 


Line C 
Line D 


3 Line E 


wide) 
of face 


Crack (max. 0.5 mm 
wide) 


Date 
observed 


FACE CRACKS AND PERIMETRAL 
JOINT MOVEMENT 


FIG, PLACED ROCK, FACE CRACKS 
AND PERIMETRAL JOINT MOVEMENT 
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fill-rock and the latter was situated above the edge the joint rib concrete 
below the slab, the edge which was found have been raised 1.0 centi- 
meter (0.4 in.). The slab supported the cutoff concrete and concrete 
piers the bedrock, and the crack that occurred parallel and close the 
spillway crest unrelated the settlement the rockfill. The cracks have 
required repair. 

The performance Nozori Dam has been very similar that Lower 
Bear River Dam No. which similar height. has been very success- 
ful with maintenance being required the first years, moderate settle- 
ment and negligible leakage. 


These two cracks occurred because the relatively unequal movement the 


ASCE.--The authors have made particularly note- 
worthy contribution the Symposium Rockfill Dams, one which will long 
remain valuable source basic information. Being drawn from experience 
with impervious face rockfill dams the P.G. and Co. system, their 
location the massive granite formations the Sierras has added materially 
the value the data due similarity foundations and rockfill. 

The opening the vertical crack near the center the upstream face 
the 140-foot high Relief Dam, with its crest curved downstream, would appear 
prove the soundness what virtually standard practice with all types 
rockfill dams, especially those with impervious face thin sloping im- 
pervious core, i.e. the upstream curvature the axis. 

The authors’ correlation construction procedures with settlements and 
deflections the Salt Springs Dam invaluable for comparison with later 
dams, such the Lower Bear River Dams. drew attention the im- 
portance effective sluicing with plenty high-pressure water properly di- 
rected eliminate accumulation fines between contact surfaces and points 
the rockfill. 

The vertical and horizontal rebound points, the maximum section 
the Salt Springs Dam, even though relatively small, confirms experience with 
other types rockfill dams discussed other Symposium papers. Apparent- 
rockfill dams act imperfectly elastic bodies, within narrow limits. Salt 
Springs Dam experience over years, respect horizontal movement 
the plane the face (lateral the dam, affords useful basis 
for assessment possible lateral settlement dams with thin slop- 
ing impervious cores. demonstrates the effect steep abutments later- 
settlement. 

The authors’ analysis the inter-relationship between the several com- 
ponents movement the mass rockfill dam stated as: 


“As water pressure causes significant downstream and downward 
differen.ial movement, lateral readjustment rock points must take 
place. appears that this lateral readjustment rock contacts, along 
with the active pressure within the rockfill and the high percentage 
voids, causes the rocks move toward the centre the dam. ad- 
dition these factors the basic vertical settlement should tend de- 
velop component toward the center due the sloping abutments. 


Engr., Power Dept., Aluminium Labs, Ltd., Montreal, Canada. 
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seems that the high initial lateral movements are associated with the 
high normal settlement the lower and central portion the dam.” 


Drawn from experience with concrete face dams, the analysis seems 
particularly applicable rockfill dams with thin sloping impervious cores. 

emphasizes the necessity for upstream curvature rockfill dam and the 
trimming steep slopes the abutments, well the elimination sharp 
transitions abutment slopes. 

The average maintenance cost for Salt Springs Dam $8,000 per year 
indeed moderate. Did the $2,000,000 estimated saving, 1931 dollars, 
achieved using rockfill rather than concrete dam, represent construction 
costs only? 


engineer faced with the problem providing 
rockfill dam now has available him wealth information which base 
his design. Notably there are the excellently presented descriptions the de- 
sign, construction and performance the Salt Springs Dam offered the 
authors. result the extensive data provided them, the Salt Springs 
Dam has set pattern for numerous subsequent concrete faced rockfill dams 
throughout the world. 

The lessons experience will however have best been learned those 
closely touch with the original work and their latest paper, showing how 
the authors have themselves developed further designs and construction 
techniques improve the Salt Springs Dam, therefore invaluable. 

Rockfill dams have perhaps been adopted less frequently Europe than 
elsewhere for the reason that concrete dams can constructed more eco- 
nomically and not for any reasons prejudice. fact, rockfill dam only 
becomes justifiable when large proportion the fill may taken from 
other essential excavations such tunnel hydro project. This was one 
the factors that made consideration rockfill dam possible for the 
Quoich reservoir Inverness-shire, Scotland. 

This dam has been fully described paper the writer the Sixth 
Congress Large Dams New York, 1958,10 but few remarks appear per- 
tinent this discussion contrast the placing and consolidation methods 
used there with the dump fill method. typical cross-section the Quoich 
dam shown Fig. 33. 

The Quoich reservoir intended for long-term storage and was essen- 
tial that the dam should not subject any inherent weakness which might 
necessitate drawing down the reservoir for maintenance repair work. Ac- 
cordingly special measures were introduced and particular, careful atten- 
tion was given the consolidation the dam hearting. 

result discussions with the Swedish Engineers V.B.B., the writer 
was convinced that rockfill dam could constructed having virtually neg- 
ligible settlement after completion the fill. The method involved required 
the placing the fill ft. thick layers and the anticipated use tunnel 
spoil with consequent limited rock particle size made this feasible proposi- 
tion, permitting also the use conventional compaction techniques. The 


Partner, Sir William Halcrow Partners, London, 
10. “The Garry Moriston hydro-electric Proceedings, I.C.E. 
September, 1958. 
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speed construction was not significant factor the time consideration 
was dictated the driving the power tunnel. 

Concern was raised the presence micaceous bands the schists 
traversed the tunnel giving rise excessive fines the tunnel spoil. 
system inspection the tunnel face was instituted whereby visual 
assessment the proportion mica the rock was made prior the firing 
each round. this was excessive the rock from that pull was considered 
unsound and was rejected for use the dam. Generally however the spoil 
was merely passed through simple dirt extraction plant which removed 
fines below some 16.4% the spoil being eliminated the process. 

The clean rock was tipped onto the dam trucks and spread bulldozer 
the required depth ft. and cross slope 24. The passage these 
vehicles over the fill gave substantial degree compaction before any 
formal consolidation measures were carried out. The first consolidation 
operation was rolling with ton smooth roller. addition pure com- 
paction this process levelled out the surface, breaking off any upstanding 
points rock, thus preparing for the second operation which was vibration 
with 3-1/2 ton vibrating roller. Tests had established that vibration gave 
better consolidation than could obtained with plain rolling. The vibrating 
roller was most effective when operating near the upper part its frequency 
range i.e. 1500 cycles/min. approached this frequency state reson- 
ance occurred and the surrounding area rockfill would shake with the 
vibration. 

Sluicing the surface the fill was carried out after each stage the 
compaction process wash down into the body the fill any fines caused 
the rolling. Trial pits dug into the compacted rockfill showed that significant 
fines were formed but that the fill generally was compacted into tight mass 
having only some 27.1% voids. The successive layer surfaces could not 
distinquished the trial pits. 

The placing the fill layers permitted close control the upstream 
and downstream slopes the fill. fact the upstream slope the junction 
between the hearting and the hand placed stone was steeper than the natural 
slope and had supported steps hand placed stone set the fill 
proceeded. 

The effectiveness the compaction procedure may judged from the 
measured settlement after completion the dam. The measurement points 
are described the paper previously referred to. The latest observations 
show that the maximum settlement deflection nowhere exceeds 3/4 inch. 

view this result appears that certain relaxations might con- 
sidered this type dam were repeated. The removal fines prior 
placing the fill would question for judgment depending upon the 
nature the rock involved. The sluicing the fill has less significance than 
with the dump fill method and might reduced. The thickness hand 
placed rubble could reduced and the sizes the individual panels forming 
the concrete membrane might increased. 
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KARL Hon, ASCE.—This paper deals with the gradual de- 
velopment the methods which were used the Pacific Gas and Electric 
Co., the construction the fourteen rockfill dams owned this Company. 
also contains summary the results the observations which were 
made these dams. 

Without detailed and reliable information concerning the performance 
the existing dams, during construction and the subsequent service period, the 
construction similar dams with unprecedented height involves much 
more than “calculated risk,” and may lead failure. Therefore making 
meticulous observations dams which were built under close supervision 
and placing the results the disposal their readers, the authors have ren- 
dered invaluable service the profession. 

The following presentation the paper deals with what the writer con- 
siders controversial aspects some the procedures which entered into the 
construction the dams described the authors. Foremost among them 
the sluicing dumped rockfills and the deposition the rockfill very high 
lifts. 

Effects Sluicing.—It generally believed that the water discharged 
the monitors washes the smaller particles into the interstices between the 
large rock fragments. Since the writer unable understand the mechanics 
this process missed opportunity watch the dumping and sluicing 
operations rockfill dams. arrived the conclusions illustrated 
Fig. 34, representing vertical section through high lift. When new batch 
rock dumped and moves down the slope, segregation takes place whereby 
the average particle size and the degree uniformity increase with increas- 
ing distance from the upper edge the slope. Most the “fines” come 
rest the upper part, zones and bin Fig. 34, The mechanical action the 
jets discharged the monitors limited the uppermost portion the 
slope extending distance less than 30ft down the slope.(Zonea, Fig. 34), 
Within this distance the impact the jet moves smaller particles into the in- 
terstices between the larger ones, but the effectiveness this action 
limited very thin layer. This conclusion was confirmed the following 
field test which was performed the presence the writer. 

The test involved attempt plug the voids rockfill consisting 


stones size, sluicing fine material into the voids. For that 
purpose mixture sand and gravel was dumped onto the rockfill and then 


Prof, Civ, Engrg., Div. Engrg. Sciences, Harvard Univ., Cambridge, Mass. 
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acted upon the direct impact water jet, discharged close range. Ina 
few seconds the openings the first row rocks were obstructed the 
largest particles the filler and significant quantity filling material 
could introduced the space behind the first row. second test, uni- 
form sand was washed into the rockfill but none went beyond the second 
row, because most the kinetic energy the jet was already destroyed while 
the jet was passing the first row. 

Below zone a,Fig. 34, the water discharged the monitors flows gravity 
through the voids between the rocks, more less vertically downward, and 
unable perform more mechanical action than heavy rainstorm de- 
scending onto the fill. Hence, result dumping and sluicing, the grain- 
size characteristics the dike-shaped lift change from relatively fine grained 
and well graded material the top coarser and less well graded material 
near the bottom the lift. Yet even within the top layer the action the 
monitor far from producing radical modification the texture the fill, 
comparable the effects compaction. 

the writer’s opinion the most vital benefit the sluicing operations re- 
sides the saturation the desiccated outer portions the rock fragments, 
where the corner breakage occurs. Saturation reduces the compressive 
strength rock its minimum value. consequence increases the 
amount settlement which occurs prior the construction the concrete 
facing and reduces the settlement which takes place afterwards. 


Zone a of preceding |ift 


FIG, 
The weakening influence saturation the compressive strength rock 
has been known for many years. The ratio between the strength 


the saturated rock and the dry rock called the coefficient softening, 
The following data were published more than forty years 


Sound granite, Austria 15,000 psi 27,300 psi,average, 21,000 psi 
0.74 0.98; average, 0.88 

Granites from Sweden 16,500 psi 50,200 psi,average, 35,000 psi 

Crystalline Limestone 8,400 psi 20,200 psi, average, 14,000 psi 


0.84 0.96; average, 0.90 


«Handbuch der bautechnischen Hirschwald, Born- 
trager, Berlin (1912), pp, 
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McHenry the obtained the following results from tests dense 
quartz-mica schist from Tennessee: 


The preceding figures refer perfectly sound rock. the rock slightly 
weathered the values are very much smaller. The effects thereof were 
demonstrated the performance the Cogswell rockfill According 
the specifications, all rock “was sound, hard, durable, angular quar- 
ried rock, weighing not less than 160 pounds per foot (pcf); unaffected 
air and moisture and such toughness withstand dumping without 
undue shattering breakdown; and have minimum compressive strength 
5000 pounds per square in. (psi).” The rock was granitic gneiss with 
average compressive strength 6,629 psi. comparison this value with 


those for the granites given the preceding table suggests that the rock was 
probably not quite sound looked. 

December 31, 1933, when 80% the rockfill, with ultimate height 
250 ft, had been placed, major storm swept over the Pacific Ocean which 
noon January 1934, had yielded 15.07 in. rain the dam. The 
rainstorm caused immediate settlement the crest the fill 4%of its 
height settlement), Subsequent watering through infiltration wells in- 
creased the settlement from 6%. The settlement was ascribed lubri- 
cation. However that the wetting unpolished rock surfaces has 
effect the coefficient sliding friction rock rock. Therefore, the 
settlement the crest the Cogswell Dam can only accounted for 
very rapid decrease the strength the rock, produced the first abundant 
rain which descended onto the fill. 

Quantity Water Required for Saturation.—If the principal benefit derived 
from sluicing resides the saturation the rock fragments, the question 
arises how much water required effect saturation. rational procedure 
can worked out for determining this quantity. However, the following facts 
can used guide for judgement. The Cogswell Dam represents body 
rockfill with average height 125 ft. The initial settlement the fili 
amount the height the fill was produced 15.07 in. 1.25 
water descending onto the fill, which equal the volume the 
rockfill. The quantity water which was subsequently pumped into the fill 
and increased the settlement from amounted more than 10% 
the volume the fill. The quantity water which reduced the uncon- 
fined compressive strength McHenry’s specimens quartz-mica schist 
from 13,590 6,400 psi was equal the volume the specimens. 
Therefore appears that the “volume ratio water rock 2:1” advocated 
the authors 102, herein) definitely the conservative side. Less 
than one-tenth would probably sufficient produce complete sa- 
turation the rock fragments even the event that the fragments were 
placed entirely desiccated condition. The balance the water performs 
more less useful mechanical work the thin top layer the lift, but 
has influence the properties the rockfill zones and 

Compressibility Rockfills.—The compression characteristics dam 
construction materials such earth rockfill include the compressibility 


«Stress Conditions for the Failure Saturated Concrete and Rock,” Ter- 
zaghi, Discussion McHenry, Proceedings, ASTM, Vol. 45, 

Dams: Cogswell and San Gabriel Dams,” Paul Baumann, Transac- 
tions, ASCE, 125, Part 1960. 

Terzaghi, Franz Deuticke, Vienna, 1925, pp. 42-48. 
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the materials and the time-lag associated with the process compression. 
The compressibility different construction materials can compared 
plotting diagrams such Fig. showing the relation between the unit load 
layers the different materials, with thickness equal unity and the cor- 
responding total decrease the thickness the layers during placement 
and after construction. The papers published the Symposium, including the 
authors’ paper, not contain any information concerning the compression 


rockfills during their construction. Therefore the data plotted Fig. 
some interest. 


Compacted fine, silty sand 


Placed rockfil! 


Ultimate unit compression, d, in % 


Legend 


March, 1935 
May, 1935 

December, 1935 
June, 1936 


> xoe 


— Uncompacted coarse sand 


Unit load, g, in tons per square foot 


FIG, 


The observation points and line Fig.35, represent the relation between 
unit load and unit compression the rockfill forming the Bou Hanifia Dam 
Algeria under loads ranging between small values and maximum 7.5 tons 
per ft. This dam, with height 170 ft, was built during the years 1935 
1937. consists entirely what the authors the paper call “placed 
rockfill.” The rock came from quarry sound, hard sandstone and con- 
glomerate. The prevalent size ranged between tons and tons, maximum 
size tons. The rock was placed derricks 15-ft lifts. The derricks 
were located the upper surface the advancing lifts and the interstices 
between the derrick-laid rocks were filled with small stones native labor. 
The rockfill had initial porosity 26% 27%. The upper part the up- 
stream face had slope 0.8 (horizontal): 1.0 (vertical), the lower part 
reinforced concrete skin. The downstream slope 
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the center line the cylindrical tower was erected, 
resting the base the highest portion the dam. The the tower 
contained windows spaced about 15-ft vertically. The lowest one was located 
about 25-ft above the base the tower. Through the windows the elevation 
markers large blocks the rockfill adjacent the tower was measured 
periodically while the rockfill was being constructed. During visits the dam 
site the writer heard off and loud report, like gun shot, coming from 
the direction the rockfill. suggested the sudden failure large blocks 
the fill. 

The fill was placed rate about height per yr. This rate 
slow that the settlement the fill after construction was very small com- 
pared that during construction. Therefore the observed compression the 
individual layers the rockfill equal their ultimate compression. 
summary the results the observations the reference points was 
published J.C. Ott.16 the basis these records, curve Fig. was 
plotted. The results the individual readings are represented points. 

For comparison curves and were added The space be- 
tween curves and represents the range the ultimate compression the 
central portion the Mammoth Pool Dam the San Joaquin River Cali- 
fornia. This portion consists well-compacted weathered granite composed 
chemically intact granite particles sand and silt size. The compressi- 
bility data were derived extrapolation from the results observations 
cross-arm installations similar those which are used the USBR. About 
two-thirds the compression took place during construction. The diagram 
shows that even placed rockfill far more compressible than well- 
compacted fill made what can considered granitic silty sand. the 
basis other similar observations the writer had arrived the conclusion 
that well-compacted sand and gravel fill compacted rockfill has far more 
desirable mechanical properties than dumped, even “placed” rockfill. 
Curve Fig. was obtained connection with the construction the 
Kenney Dam British Columbia, confined compression test crushed 
basalt with sand-size particles, uncompacted state. 

analysis the settlement data shown Fig. the paper, the 
writer found that the ultimate total compression the dumped rockfill form- 
ing the Salt Springs Dam under load tons per least 5.5%. 
Fig. the corresponding point located between curves and Since 
curve was derived from observations “placed” rockfill, the high com- 
pressibility the dumped rockfill, disclosed the low position Fig. 

Time-Lag importance the compressibility the 
time lag associated with the compression rockfills. This lag requires 
careful consideration, because has decisive influence the performance 
concrete facings. The time lags associated with the compression dumped 
rockfills are conspicuously disclosed Fig. the paper, representing the 
three components the movement the crest lifts. The writer 
first observed the time lag the compression cohesionless aggregates 
1920 connection with experimental investigation the compressibility 
cohesionless sand. Fig. shows the gradual increase the compression 
layer loose, clean, cohesionless sand under constant load, after rapid 
application the The time lag was ascribed the fact that the 

Suisse Romande, Lausanne, February, 1946. 

Karl Terzaghi, Franz Deuticke, Vienna, Fig. 19, 103. 
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sand layer its initial state contains many graine which came rest, 
during the process pouring the sand, rather unstable position. 
load applied they rotate into more stable positions. The movement every 
grain affects the conditions for the equilibrium all the others, and such 
chain reactions inevitably require considerable amount time. Since the 
number particles relatively unstable positions decreases with time, the 
rate settlement due readjustments also decreases with time shown 
Fig. 36. The progressive settlement caused similar 
processes. 

The settlement records shown Fig. the paper start for every point 
observation some time after the fill was built the elevation the 
point, The history the compression prior this time inevitably 
unknown, However, the diagrams show that the rate movement decreases, 
like that the sand layer Fig. 36, with time. 

The movement the points toward the adjacent advancing slope could con- 
vey the impression that “the rock going down the slope” may “pull the pre- 
viously dumped fill downward” (p. herein). However the drag exerted 


Compression, in % 


Time, in hours 


FIG, 


rocks rolling down slope negligible compared the force required 
produce measurable deformation the fill. The real reason for the hori- 
zontal component the movement the reference points illustrated 
Fig. which represents vertical section through layer perfectly 
weightless elastic material with sloping front. Line straight 
and vertical line located short distance behind the upper edge the slope. 
the unit weight the material suddenly increased from zero that 
rockfill, line assumes the shape whereby every point moves 
down and outward toward the slope. 

rockfill this process deformation goes while the slope the 
rockfill advances. The observed down-and-outward movements points 
and the fill are the inevitable consequence the time-lag associated with 
all the deformations the fill. The authors’ Fig. shows that the rate 
compression the sand layer represented Fig. 36, decreases with time. 
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Influence Height Lifts Compression Characteristics Dumped 
Fills.—On account segregation during the process dumping, the compres- 
sion characteristics dumped rockfills depend least some extent the 
height the lifts. Opinions concerning the relative merits one-lift 
multiple-lift methods construction are still divided. order establish 
rational basis for comparison the effects segregation the structure 
dumped rockfills must considered. 

shown Fig. 34, every lift consists three zones with more less 
distinct gain-size and compression characteristics. The uppermost zone 
contains the smallest particles. Its structure depends the degree ef- 
fectiveness the sluicing operations and may range between loose and fairly 
The thickness this layer depends only the technique 
sluicing consequence, independent the height the lift. Zone 
also contains considerable percentage small rock fragments, but lo- 
cated beyond the range the mechanical action the water jets discharged the 
monitors. Therefore its structure canbe fairly loose. The thickness zone 
may increase some extent with increasing height the lift. Zone consists 
chiefly large which have rolled slope. During the pro- 
cess rolling, sharp corners are likely broken off the fragments; this initial 


a 


FIG, 


breakage reduces subsequent settlement corner breakage under static load. 
The corner breakage during deposition increases compressive 
strength the.rock, the rock very hard may slight, and weak, 
may any event the amount corner breakage increases with 
the increase the distance through which the rock fragments have rolled down 
the slope. Therefore whatever favorable effects the corner breakage may have, 
their importance increases with increasing vertical distance from the crest. 

account the consequences segragation, the absence significant 
mechanical action sluicing below the lower boundary the uppermost part 
each lift and the increase the beneficial effects corner breakage 
downward direction, every lift represents system composed zones with 
different compression characteristics. dumped rockfill made out 
succession lifts the compression characteristics the fill change more 
less abruptly the level the top each lift, whereas rockfill produced 
single fill operation they change more less gradually from the crest 
the dam towards its base. Therefore the “one-lift” procedure appears 
preferable the construction rock fills multiple dumped lifts. cor- 
ner breakage during deposition factor consequence, account rela- 
tively low compressive strength the rock, its beneficial effects increase 
one-lift rockfill downward direction. multiple-lift rockfill such 
relationship exists. 


- 
b 
{ 
| q 
{ 
| 
| 
| 
q 


146 TERZAGHI SALT SPRINGS AND LOWER BEAR RIVER 


multiple-lift dumped rockfill, the relatively fine-grained top layer 
each lift direct contact with the largest rock fragments contained the 
base layer the superimposed lift. the top layer contains high percent- 
age fines and addition the compaction this top layer inadequate 
account deficient sluicing, the increase the load the large rock frag- 
ments forming the base layer the superimposed lift causes them sink 
into the fine-grained top layer the preceding one, and thus produces exces- 
sive compression the zone contact between the two lifts. Such process 
was probably responsible for the crushing the concrete facing along the 
crest the 165 foot lift the Salt Springs Dam, El. 3800. According 
the paper the quarry method provided many large rocks but the 
heavily loaded in. holes also produced substantial amount fines. 
notes and photographs indicate that the rock coming from the quarry 
varied from large, clean rock just after quarry blast smaller rocks with 
many fines when cleaning the quarry.” Sluicing was also very inadequate 
not available all points dumping” (p. 83). Hence all the pre- 
requisites for excessive compression the contact layer El. 3800 were 
satisfied. 

Influence Height Equilibrium Conditions Rockfill Dams.—In some 
regions the rockfill type dam more economical than any other type, and 
the height the storage dams called for advancing civilization steadily in- 
creases. Therefore the hazards involved constructing rockfill dams with 
unprecedented height most examined. 

The degree stability cohesionless fills independent height. The 
danger that the permeability very high rockfill made out hard, sound 
rock such sound granite, could reduced crushing that 
grained material such sand does not exist even for dam with height 
more than 1000 ft. Therefore the only item concern the construction 
rockfill dams with unprecedented height the effect settlement con- 
crete facings. 

For the concrete face rockfill dam maximum settlement the facing under 
water load, direction right angles the upstream slope increases very 
roughly simple proportion the square the height the dam, because 
both the water pressure the elevationof maximum settlement and the thick- 
ness the layer subject compression increase simple proportion the 
height. Therefore the difficulty adapting the concrete facings the settle- 
ment under water load increases rapidly with increasing height the dams. 
However this difficulty can eliminated placing and compacting the rock- 
fill layers, whereby acquires the favorable compression characteristics 
compacted sand-and-gravel fill. this done, the height rockfill 
dams can increased without serious risk far beyond the height the 
highest existing dams. 

Importance Observations During and After Construction.—The large size 
the rock fragments constituting rockfills precludes the possibility pre- 
dicting the performance rockfill dams the basis the results labora- 
tory tests. Therefore the performance such dams can predicted with 
some degree assurance only reliable records the performance 
similar existing dams are available. Without the information contained such 
records the construction dams with height exceeding that their prede- 
cessors involves intolerable hazards, and the height the dams designed 
without the assistance performance records increases only question 
time when the first failure will occur. account this fact the practical 


2 
4 
| 
‘ 


TERZAGHI SALT SPRINGS AND LOWER BEAR RIVER 147 


value the observational data such those contained the paper can hardly 
overemphasized. 

The greatest uncertainties involved the forecast the performance 
rockfill dams grow out the absence information concerning the amount 
compression which occurs the fill before the fill completed. connec- 
tion with earth dams information this kind obtained, more and more fre- 
quently, means observations crossarm installations. rockfill 
constructed dumping impracticable measure the settlement 
reference points after they are buried. However, rockfill constructed 
placing and compacting layers the determination its compression 
characteristics becomes practicable. This has been demonstrated the suc- 
cessful settlement observations the Bou Hanifia rockfill dam (Curve 
the Fig. 35). the precedent established the builders this dam were fol- 
lowed others the uncertainties which are inthe forecase the 
performance compacted rockfills would rapidly decrease. 

controversial issue involved the design and construc- 
tion rockfill dams are the inevitable result the fact that the consequences 
operations such dumping and sluicing cannot directly observed. No- 
body has ever seen cross section through rockfill, showing the variations 
grainsize and uniformity within the individual lifts, and the determination 
these variations boring, sampling and testing are utterly impracticable. 
Nobody has ever seen the migration solid particles within the range ac- 
tion the jets discharged the monitors. Also unknown are the relation- 
ships between increase unit load and the corresponding compression 
layers rockfill during construction. Therefore the few observational data 
which are available leave wide margin for interpretation. The reasoning set 
forth the preceding discussion led the writer the following 


The placing rockfills dumping inevitably associated with segre- 
gation whereby the average size the fragments and the degree uniformity 
the fill increase within each lift from the top toward the bottom. The de- 
gree homogeneity dumped rockfill can increased only reducing 
the percentage fines which are admitted into the fill. 

The mechanical action sluicing strictly limited the uppermost 
layer the fill, where the jet strikes the slope angle more than 20° 
30°, and the thickness this layer obviously independent the height 
the fill. Below this layer the water merely cascades from void void with- 
out transporting significant quantity solids. 

The principal function the sluicing operations consists the 
tion the desiccated portions the rock fragments, which reduces their 
compressive strength minimum value. The volume water required 
achieve saturation very much smaller than the quantity commonly used, 
which equal twice three times the volume the rock. The useful 
function the balance the water strictly limited the uppermost layer 
the fill, where the jets strike the slope angle more than 20° 30°. 

account segregation during dumping and the shallowness the 
zone Fig. 34) significantly affected the compacting action the water 
jets discharged the monitors, every lift represents layered system com- 
posed horizontal layers with more less different compression charac- 
teristics. 

multiple-lift dumped rockfill the top surface every lift represents 
sharp boundary between two layers rockfill with different compression 
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characteristics. Therefore the construction rockfill dams single opera- 
tion deserves the preference over construction several lifts. The one-lift 
operation has the further advantage that the beneficial effects corner break- 
age during the process deposition increase from the uppermost portion 
the rockfill downslope direction. The water load the concrete facing 
increases the same direction. Therefore the beneficial effects corner 
breakage are greatest where they are most urgently needed. 

Dumped rockfill far more compressible than rockfill compacted 
layers. the height rockfill dams increased the detrimental effects 
high compressibility increase with the square the height. Hence for the 
construction very high rockfill dams the compaction rockfill layers 
preferable dumping. 

impracticable determine the significant properties rockfills 
laboratory tests. These properties can only deduced from their ob- 
served manifestations the field. Therefore connection with rockfill dams 
reliable records the performance existing dams, like those contained 
the paper, are prerequisite for reducing the hazards involved the con- 
struction dams with unprecedented height. 


conclusion, the writer wishes express the authors his gratitude for 
the wealth valuable information which they have placed the disposal 
the engineering profession. The authors may disagree with many the state- 
ments contained this discussion, but the comments succeed demon- 
strating the controversial nature many the time-honored concepts in- 
volved the design and construction rockfill dams, they will have fully 
served their purpose. 
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thank Messrs. Tercero, Davey, Kawase, Mizukoshi, Lawton, Roberts and 
Terzaghi for their discussions which emphasize important points and 
present valuable and concise data concrete face rockfill dams. 

The 189-ft. high Pinzanes Dam, described Mr. Tercero, certainly 
very successful well economical with its thin placed rock and steep 
slopes. satisfying that the published experience Salt Springs Dam 
was factor the design and that the use sloping joints, suggested 
experience Salt Springs Dam and used Lower Bear River Dam No. 
was also successful Pinzanes Dam. The face crack above the wet masonry 
Pinzanes Dam repeats the adverse experience Salt Springs, men- 
tioned the paper, and confirms that wet masonry should not used lieu 
placed rock above the cutoff line. That the dam was not affected the 
July 28, 1957 earthquake noteworthy. The method referred Mr. 
Tercero, used and Company locate the point points leak- 
age without unwatering the reservoir, audio method which based 
the sound water entering opening the face the dam. Having located 
leak, can plugged underwater depositing mixture bentonite, 
sand and drillers cellophane; the work diver. 

Mr. Geoffrey Davey raises two important questions: (1) the influence 
height lift settlement; and (2) what extent the possibility and eco- 
nomic consequences leakage factor selection concrete face type 
rockfill dam. 

Compaction rockfill dam can the form layers about 1.5 
feet the form lifts about 200 ft. The thin layers are used 
where the rock sizes are predominately small, and the highest core rock- 
fill dams zones adjacent the transition. The placing rockfill com- 
pacted layers adjacent the transition zones high core rockfill dam 
would reduce the size voids well minimize settlement. The 
selection the adequate and economic thickness (about 1.5 ft.) the 
layers depends large extent the grading rock, and the importance 
minimum settlement. Unless the rock very small, cost would increase 
the layers are made thinner. example the small settlement rock- 
fill compacted layers provided the 124 high Quoich concrete face 


Engr., San Francisco, 
Civ, Engr., Pacific Gas and Electric Co., San Francisco, Calif. 


| 
( 
| 
| | 


150 STEELE AND COOKE SALT SPRINGS AND LOWER BEAR RIVER 


rockfill dam which showed measurable settlement upon the reservoir 
and total maximum crest settlement only 3/4 inch after four 
years service. 

Construction rockfill lifts rather than compacted layers particu- 
larly economical and considered appropriate where the grading 
weight. There are differences opinion the effect height 
settlement completed dam. The factual data construction ana seitle- 
ment presented this symposium and the future will tend provide 
better answer the question the effect height lift settlement 
completed dam, and also the question the relative settlement rock- 
fill constructed layers against one constructed lifts. 

The concrete face rockfill dam is, course, subject probable leakage. 
The significance this factor believed minor the economics 
selecting the type dam. Where concrete face dam the type dam 
most economical and appropriate the site, the capital cost saving usual- 
great that leakage problems maintenance costs are nominal factors. 
The first reservoir filling, possibly the second, should see the end any 
movements stresses that would cause leakage occur. The leakage may 
located and stopped detection and repair either underwater the 
dry. After initial repair, should necessary, there should signifi- 
cant future trouble. 

Mr. Masatoshi Kawase and Mr. Tatsuo Mizukoshi have presented valuable 
data the 174-ft. high Ishibuchi and the 144-ft. high Nozori concrete face 
rockfill dams. The two dams are similar the 150-ft. high Lower Bear 
River Dam No. The construction record shows that the rock these three 
dams was dumped high lifts and about equally well sluiced. The settle- 
ments have been similar all respects, with maximum vertical crest set- 
tlement about 0.25% height dam and the order 0.3 feet. The 
performance all three has been particularly good from the standpoint 
moderate settlement and moderate face movement; and from the standpoint 
little leakage and maintenance. 

Mr. Lawton has emphasized important points the paper, among 
which the similarity that should exist between settlement concrete face 
and sloping core rockfill dams. The $2,000,000 capital cost saving the 
rockfill dam over concrete dam Salt Springs compares with only $88,000 
($8,000 per year capitalized 11%) that could have been spent the concrete 
face dam eliminate maintenance, that could have been spent toward 
type dam having maintenance. The 11% fixed charges includes about 
2.5% local taxes and 2.5% federal taxes. 

Mr. Roberts has presented concise discussion the economical 
and most successful Quoich Dam. His inferred conclusion that the dam was 
perhaps too good and his stated conclusion that economies perhaps could 
made repeating such dam are significant and important. The writers 
came similar conclusion based the excellent performance the 
Lower Bear River Dams and major economies were effected the subse- 
quent Wishon and Courtright Dams. 


«The Quoich Rockfill Roberts, Paper Sixth International 
Congress Large Dams, October, 1958. 
Dams: Wishon and Courtright Concrete Face Dams,” Barry Cooke, 
Transactions, ASCE, Vol, 125, Part II, 1960. 
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for the Kenney site where all materials were specially quarried for the dam. 
Tunnel muck necessarily compacted layers but rock from spillway 
quarry would generally contain enough large rocks permit placing lifts. 

The Swedish experience, referred Mr. Roberts, was particularly 
relation the 50-foot high concrete face Nissastrom which was con- 
structed tunnel muck placed layers, sluiced, rolled and vibrated. The 
settlement after completion the rockfill and after filling was negligible for 
both Nissastrom and Quoich Dams, The two dams are not high and the com- 
paction, noted Mr. Roberts, was probably more than necessary. How- 
ever, the primary value the compaction experience, thoroughly present- 
its possible application zones adjacent the cores 
core rockfill dams major unprecedented height. The effective use 
vibration equipment rockfills particular interest. The 27.1% void 
figure for Quoich Dam compares with 30.7% voids for the similarly com- 
pacted tunnel muck Nissastrom Dam, and with 32% voids for num- 
ber dumped rockfills larger rock size. 


comparison with the 275-ft. high Dix River Dam, constructed lime- 
stone rock, the higher 328-foot high Salt Springs Dam, constructed with 
granite rock, has settled less and reached more stabilized condition. Dix 
River Dam vertical crest settlement has been 4.22 feet years and has 
been rate 0.07 feet per year between the 25th and 30th year and also 
rate 0.07 feet per year for the 30th 32nd year. Possibly the difference 
the stabilized rates settlement for Salt Springs and Dix River Dams 
due the different characteristics the rock the two dams. 

the end years service, the leakage from Lower Bear River Dam 
No. still less than 2.0 cfs, and the leakage from Dam No. still zero. 
maintenance has been required during the years. the time writing 
the paper, data settlement for only the first years service was avail- 
able. The crest settlement for the 7-year period the end 1959, pre- 
sented Tables and 10. readings were taken between the 4th and 7th 


Whereas Quoich Dam was made economical the use tunnel muck, the 
economics many rockfill dams greatly improved laying out the spill- 
way main quarry. Though such economies utilizing essential excava- 
tions often result the economic selection rockfill type dams, such not 
always the case evidenced the selection the sloping core rockfill type 


«Compaction Rockfill Dam,” Dr. Hellstrom, Paper 35, Fifth Inter- 
national Congress Large Dams, Paris, Paper also available Bulle- 
tin No. 47, Royal Institute Technology, Stockholm, 
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TABLE 9.—TABLE REVISED EXTEND RECORD CREST SETTLEMENT, 
FEET, FOR LOWER BEAR RIVER DAM 


TABLE 10.—TABLE FIG, REVISED EXTEND RECORD CREST SETTLE- 
MENT, FEET, FOR LOWER BEAR RIVER DAM NO, FROM 
YEARS 


HT. 


THE YEAR HORIZ. READING WAS ESTIMATED AND ASSUMED EQUAL 
THE VERT. READING SINCE INITIAL HORIZ. READING WAS MADE PRIOR 
FILLING RESERVOIR. 


as 
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year and the movements the 5th, 6th, and 7th years are based assumed 
equal movement each year. For the 5th through the 7th years, the maximum 
vertical crest settlement has been rate 0.03 feet per year for Dam No. 
and 0.01 feet per year for Dam No. This data gives concrete evidence 
the early stabilization settlement negligible amount for rockfill dam 
competent rock that well sluiced and dumped from high lifts. 

The notable paper the late Mr. Galloway, with its discussion 
number engineers,2 important document the history rockfill 
dams. That paper 1939 developed and stimulated interest rockfill dams 
and constituted early major contribution the technology rockfill dams. 
The papers the ASCE Symposium Rockfill Dams, along ith the discus- 
sions numerous engineers throughout the world, comprise major step 
toward still further progress the field design and construction rockfill- 
type 

Though some interpretation and discussion the performance the Salt 
Springs and Lower Bear River rockfills was included the writers’ paper, 
the conclusion states: “the value this paper considered the rea- 
sonably complete presentation facts, from which the reader can draw his 
own conclusions.” The paper was confined the specific dumped rockfill 
dams. Mr. Terzaghi’s discussion develops thinking the theory and nature 
sluicing and the mechanics rockfills both dumped and compacted 
layers. 

Mr. Terzaghi suggests that “the authors may disagree with many the 
statements contained this discussion, but the comments succeeded de- 
monstrating the controversial nature many the time honored concepts 
involved the design and construction rockfill dams, they will have fully 
served their purpose.” His discussion specific value far beyond that 
statement. The writers not disagree with the principles presented Mr. 
Terzaghi, but rather agree and have learned something from them. However, 
will seen the following reply his discussion the writers give dif- 
ferent emphasis the importance and/or economics some those princi- 
ples. These differences may not fact exist since Mr. Terzaghi’s discussion 


«The Design Rockfill Dams,” Galloway, Transactions, Vol, 104, 1939. 
With Discussions by: Cecil Pearce, Muckleston, Harold Fox, Charles 
Paul, Floris, Howard Peckworth, Oren Reed, Walter Huber, Samuel Morris, 
Harza, Paul Baumann, Peterson, George Howson, John Field, John 
Wilson, Frederick Fowler, Steele and Walter Dreyer, Knapp, Ralph 
Reed, Sanger, Jarvis, East, Francisco Gomez-Perez, Miguel Jinich, 
and Galloway. 
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was directed toward theory and toward understanding that would lead still 
higher rockfill dams unquestionable safety. 

Effects Sluicing.—From the standpoint mechanical rearrangement 
the particles the dumped fill, sluicing considered unnecessary rock- 
fill large rock with fines and very necessary dumped fill containing 
fines and spalls. agreed that the mechanical effect sluicing confined 
excavating surface areas fines the upper zone the dumped slope. 
washing the fines into the voids and scattering the and fines into sur- 
face pockets, the probability obtaining structurai contacts between the 
larger rocks increased. The operation, even with continuous effort and 
supervision, not perfect and some pockets fines and spalls will remain 
tolerable imperfections the structural rockfill. the lower zones the 
dumped fill the segregation results large clean rock and sluicing those 
zones not necessary. example very satisfactory 140-ft high dam 
clean unsluiced granite rock Fordyce Dam. 

The foregoing description sluicing for rockfill containing 
tial amount large rock. the texture the upper zone the sloped sur- 
face the dumped fill such that the monitors cannot maintain surface 
reasonably clean rock, and surface slides small rock and fines occur 
put such materials out effective range the monitor, either two things 
has (1) too many loads fines have been accepted and waste 
loads small rock necessary; (2) the rock generally such small 
particle size that should have been compacted layers. The compacted 
rockfill small rock would better than dumped rockfill large rock, 
but would cost more. The writers agree with the statement, “yet even within 
the top layer the action the monitor far from producing radical modifi- 
cation the texture the fill, comparable the effects compaction.” 

Mr. Terzaghi states, “In the writers’ opinion the most vital benefit the 
operations resides the saturation the desiccated outer portions 
the rock fragments, where the corner breakage occurs.” This inter- 
esting point and perhaps should given particular attention where there may 
question competence the rock for rockfill. For the fills very 
large rocks competent Sierra granites the mechanical action sluicing has 
been considered the most vital and primary benefit, though must ad- 
mitted that the relative magnitude these factors producing settlement 
during construction not known. Even there was benefit from “soften- 
ing” the rock edges considered that mechanical sluicing essential 
fill containing fines and spalls. 

The component amounts settlement that can attributed the various 
actions the rain and post construction jetting the rockfill Cogswell 
Dam are, course, not known. Mr. Terzaghi attributes major part the 
decrease strength the rock due saturation. For the relatively low 
strength rock (6600 psi) that may well significant factor. For Cogswell 
Dam the specifications prohibited sluicing and limited lifts 25-ft heights. 
Certainly the softening the unsluiced and uncompacted pockets fines and 
the layer fines the top each 25-ft lift would have contributed the 
settlement. The large rock top each lift surface fines would tend 
bite into the softened layer, and pockets fines which carried load dry 
condition would yield and wash away due the saturation and water action. 
Additional breakage along weak cleavage planes the granite gneiss rocks 
during this period rapid settlement rockfill may have been contributing 
factor. agreed that lubrication should not factor. 
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Quantity Water Required for Mr. Terzaghi says, 
“the principal benefit derived from sluicing resides the saturation the 
rock fragments, the question arises how much water required effect 
saturation.” The answer appears be, very littie. further question would 
be, how might the water most effectively applied? would seem that the 
application substantial water the point dumping would very effective 
fill wet and humid for the full height under the point 
ing, where the loading increasing and maximum movements the fill would 
taking place. Thus the conventional sluicing practice would serve keep 
substantial and important zone rock moistened condition during con- 
struction. addition, were decided that maintaining saturation during 
construction were primary importance, should not the specification require 
spraying the surface the rockfill, perhaps the loose rock the 
quarry? 

noted the paper, sluicing water-rock ratio 2:1 cost 4.6 cents 
per rock the dam, and decreases increases 0.4 cents per 
for changes 3:1. For the small incremental cost substantial amount 
water seems appropriate. 2:1 requirement practicably satisfied 
monitors with 2.5 in. nozzles operated 100 psi points dump- 
ing. Such jets are effective excavating and providing substantial vol- 
ume water where useful. 

Compressibility Rockfills.—Construction settlement data similar that 
for the 170-ft high Bon Hanifia Dam placed rock available for the 124-ft 
high Quioch Dam rockfill compacted The Quioch dam was com- 
pacted 2-ft layers, had very little settlement during construction and zero 
crest movement upon the filing the reservoir. This well documented 
example substantiating Mr. Terzaghi’s confidence rolled 

the writers’ opinion that good dumped fill good better than 
placed rock. From comparison settlement and Company dumped 
fill dams with French, Algerian and Russian placed-rock dams, the dumped- 
rockfill post-construction settlement less. Apparently the impact contacts 
the dumped rock are more competent than the gentle placement contacts 
the placed rock. This has been factor the reduced thickness placed 
rock the most recent and Company dams. The 5.5% figure used 
Fig. for Salt Springs Dam approximate figure and the Bon Hanifia 
figures, though carefully obtained, are for one dam only. believed that 
Fig. could interpreted indicate that the unit compressions placed 
and dumped rock are comparable and are substantially more than that ma- 
terial compacted layers. 

Though rockfill compacted layers will have lower coefficient settle- 
ment than dumped rockfill does not mean that dumped rockfills are not fully 
satisfactory and economic most cases. 

Previously, this closure, the writers have referred three con- 
crete face dams 174, 150 and 144 height constructed sluiced rock 
dumped from high lifts that settled only 0.3 the crest upon reservoir fill- 
ing and have given excellent performance. There are many successful 300 
400 high rockfill dams dumped rockfill. The writers visualize the im- 
portance rockfill compacted layers (1)in utilizing rock too small 


size for dumped rockfill and (2) specified structural zone zones 
dams exceeding about 400-ft height. 
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The writers would like correct the statement under the heading “Dumped 
During Dumping” accordance with Mr. Terzaghi’s 
comments. The dumping single loads would, course, have little effect 
other than near the surface. The surface slides, Cooke, 
provide valuable compaction service but would still affect the basic movement 
the fill only nominal distance from the surface. Mr. Terzaghi’s Fig. 
nicely demonstrates the movement rockfill toward the sloped face 
settles This movement characteristic regardless how the fill 
was put together. Some further supporting data is: 


Placed rock dams Electricite France have bulged the lower por- 
tion the downstream face. This has been measured and also visibly ap- 
parent bulging and cracking the previously smooth placed rock surface. 

Measurements the lower portion the downstream face Court- 
right Dam before filling show the outward components substantially 
greater than the downward component. Also, measurements the lower por- 
tion the upstream face Wishon and Courtright Dams during construction 
show this bulging near the base the fill. 


Fig. the paper useful helping illustrate another aspect set- 
tlement dumped rockfill: that the lateral, cross-canyon, movement 
greater direction opposite that dumping the rockfill. This re- 
viewed another discussion Cooke.24 both Kenney and Paradela 
Dams the construction was from one abutment, and the lateral movement all 
points was opposite the direction dumping rock into the dam. Looking 
Fig. the paper seenthat the compaction during construction maxi- 
mum the direction aline down the dumped slope. The contacts the rocks 
line down the dumped face would also tend the most competent con- 
tacts. However, looking settlement points (3) and (4) seen that their di- 
rection lateral movement changes when the dumping berm the 185 fill 
was about 200 away. this time the dumped slope appears have lost its 
influence settlement points (3) and (4) and the downward settlement ac- 
companied lateral readjustment the direction previous 
tion, that is, direction normal the dumped slope. The action would 
similar for the lateral movement due readjustments the fill while the wa- 
ter load directly causing vertical and downstream movement therein. 

Influence Height Lifts Compression Characteristics Dumped 
writers agree principle with Mr. Terzaghi’s description and 
conclusions regarding heights lift and segregation. Experience with rock- 
fills quarried from massive granite and containing number ton 
rocks has been that segregation not pronounced. Though the fines stay 
the top, and the toe consists large clean rock, many large rocks come 
rest the dumped slope noted the paper, “Fig. shows the character 
the rockfill. Note that though large rocks segregate near the toe, there are 
many that remain the upper portion the lift.” 

The writers tend prefer reasonably high lifts for structural and econom- 
reasons but accept lower lifts where construction reasons make them eco- 
nomic. very high lifts 200 300 the lateral movements due unequal 
construction compaction, discussed above connection with Fig. the 
paper, require consideration. noted, previously this closure, “The fac- 
tual data construction and settlement presented this symposium and 
the future will tend provide better answer the question the effect 


Discussion Cooke “Rockfill Dams: Paradela Concrete Face Dam,” 
Luis Henrique Gomes Fernandes, Edgard Oliveira, and Nuno Vasconcelos Porto, 
Transactions, ASCE, Vol, 125, Part II, 1960, 

Discussion Cooke “Rockfill Dams: Kenney and Cheakamus Dams,” 
William Huber, Transactions, ASCE, 125, Part II, 
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height lift settlement completed dam, and also the question the 
relative settlement rockfill constructed layers against one con- 
structed lifts.” 

The lift surface Salt Springs were not well cleaned and many fines 
had accumulated due the high lifts. The diagnosis the causes trouble 
El. 3800 Mr. Terzaghi the same that the writer. The conditions 
many low lifts, cleanup, and sluicing Dam are all factors 
that probably made this contributing factor the severe settlement 
Cogswell Dam, caused heavy rainfall. This weakness considered 
reduced point significance application the following extract 
from the specification for Wishon Dam: “In order provide good rock 
rock contact between lifts and assure minimum amount settlement, Con- 
tractor shall scarify, sluice, and otherwise prepare tops completed lifts, 
before the succeeding lift constructed, order obtain rough exposed 
surface that free fines and that contains only reasonably clean rocks.” 
However, lift surfaces are specified horizontal joint which made 
“soft” permit some closing. Cooke has the lift surface treat- 
ment Wishon Dam. 

Influence Height Equilibrium Conditions Rockfill Dams.—It con- 
sidered that rockfill dams can constructed essentially great heights 
other types dam, with development reasonable steps and with the use 
full knowledge all predecessor dams. The design problem agreed 
settlement. 

The maximum settlement the concrete face under water load would 
exactly proportion the square the height the modulus compressi- 
bility the rockfill were the same for the different magnitudes loading 
the rockfills different compaction and different existing stresses. As- 
suming identical rock, the change height would change the initial compaction 
and stresses upon which the water load superimposed. Certainly the modu- 
lus the rockfill will vary some manner with the different water loads and 
different existing stress conditions the rockfill. The modulus would further 
different and would vary differently for different rocks and different grad- 
ing rocks. Based records dumped and sluiced rockfills granitic 
rock, Fig. indicates that the maximum settlement right angles the up- 
stream slope for the dams 220 360-ft height proportional height 
the 2.1 power. that the modulus rockfill stressed 450- 
high dam the same that for the lower dams, 450-ft-high dam well- 
sluiced granite would have estimated settlement about 9.2 ft., deter- 
mined Fig. 38. The lower 135-ft dam disregarded since the modulus 
appears high for the relatively small water load. The very small move- 
ment characteristic dams under about 150 ft. 

Previously this closure comments regarding the desirable use com- 
pacted rock high rockfill dams were, “The thin layers are used where the 
rock sizes are predominantly small, and the highest core-rockfill dams 
zones adjacent the transition the the compaction ex- 
perience (at Quoich Dam) its possible application zones adjacent the 
cores core-rockfill dams major unprecedented height the effective 
use vibration equipment rockfills particular interest.” The zones 
adjacent were visualized minimum structural section 
compacted rock downstream from the core take load from the core with 
minimum yielding and have minimum settlement, and (2) smaller up- 
stream zone minimum settlement and rockfill with small voids. Outside 
the required compacted zones dumped rockfill large rock should 

“Rockfill Dams: Wishon and Courtright Concrete Face Dams,” Barry Cooke, 
Transactions, ASCE, Vol, 125, Part II, 1960, Fig. 
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Name of dam Height, in feet Settlement, in feet 
(Future) 450 9.2 (estimated) 
6) Paradela 360 5.7 
(3) Wishon 257 3.0 
@ Lower Bear River No. 1 220 
@ Lower Bear River No. 2 


Maximum settlement normal to face, in feet 
(at approximately 40 % of height of maximum section) 


which 

S= maximum settlement normal to face, 

K =constant = 0.00028 (competent granitic rock), 
H-= maximum height at axis 


“100 200 300 400 500 
Height at axis, in feet 


FIG, SETTLEMENT NORMAL THE FACE CONCRETE FACE 
ROCKFILL DAMS AFTER SECOND RESERVOIR FILLING 
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satisfactory and economic. the downstream portion the rockfill shell 
dumped fill large rock would preferred compacted rock. 

re-phrase and amplify the previous comments, and integrate the vari- 
ous comments Mr. Terzaghi, the following might said: rockfill com- 
pacted considered appropriate ina substantial zone zones adjacent 
acore-rockfill dam unprecedented height inorder to: (1) have 
known composition and properties the most important structural portion 
the dam, (2) take the load from the core with minimum yielding, (3) have mini- 
mum settlement, and (4) provide zone known and small size voids adjacent 
the The prudent thickness core for core-rockfills unpre- 
cedented height important but beyond the scope the paper and the dis- 
cussion. 

Importance Observations During and After Construction.—Continued ef- 
fort investigate and understand dumped and compacted rockfills neces- 
sary assure the safe and economic construction rockfill dams maxi- 
mum and ever increasing height. carefully and strongly pointed out 
Mr. Terzaghi, information from performance records during and after con- 
struction critical importance the designer dams maximum 
unprecedented height. 
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ROCKFILL DAMS: 
NANTAHALA SLOPING CORE DAM 


With Discussion Lawton; Waldo Bowman; 
and James Growdon 


SYNOPSIS 


The design 250-foot high sloping core rockfill dam, part hydro- 
electric project, was determined facilitate construction with materials 
readily available the site. The paper describes the site and discusses 
construction procedures and performance. 


INTRODUCTION 


The Nantahala Hydroelectric Development owned and operated the 
Nantahala Power and Light Company, subsidiary the Aluminum Company 
America. situated the Nantahala River, southwestern North 
Carolina, where steep slopes permit high head development relatively 
short reach river. The development consists earth-faced rock-fill 
dam, 250 feet high, creating reservoir with 126,000 acre feet useful stor- 
age, spillway, diversion tunnel, conduit from the dam the powerhouse, 
consisting tunnels and penstock, and single 60,000 hp. hydroelectric 
generating unit operating under maximum static head 1,008 feet. The 
construction the project was started July 1940 and completed July 
1942. has been successful operation since that date. 

The dam site the upper end the Nantahala gorge, where the river 
flows between rocky promontory the left bank and 40-degree solid rock 
slope the right bank. (Figures and 2.) The rock the dam site isa 
metamorphic sandstone, called arkose. While the bed rock has been folded 
occurs the dam site massive strata with few cracks seams. ex- 
ceptionally water-tight. excellent site for any type dam, except 


essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1742, Positions and titles given are those ef- 
fect when the paper was approved for publication Transactions. 
Consultant, Aluminum Co, America, Pittsburgh, Pa. 
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earth dam for which suitable material not available. The dam site was ac- 
quired the parent company 1911. Since that date many different types 
dams, including concrete gravity, combination gravity and arch, pure arch, 
multiple arch, Ambersen, and rock-fill have been designed for this site. 
Every type studied could made fit the site reasonably well, with varying 
degrees effectiveness and economy. The rock-fill dam appeared particu- 
larly advantageous. Rock-fill dams 1935 had some type more 
less rigid impervious upstream face which appeared likely crack due 
continued settlement the rock fill. flexible impervious face capable 
adjusting itself settlement appeared desirable. 

Many the lakes northern United States and Canada have been formed 
glaciers. The glacial moraine filling old stream beds made effective 
dams. Generally speaking, they consist coarse gravel, with progressively 
finer material upstream and are sealed the upper surface glacial silt. 
Most them are surprisingly water-tight and have functioned since the 
glaciers disappeared, period several thousand years. appeared feasi- 
ble use the same technique man-made structure. Further study the 
problem indicated that suitable filter would prevent the migration im- 
pervious earth core through the pervious rock-fill and that reverse filter 


covered with rock would protect the earth core from wave action and sudden 
drawdown. 


Design 


This conclusion was checked small model, consisting 12-inch 
steel pipe closed the bottom with perforated plate and the top with 
cap having pipe connection. layer 2-inch crushed rock, inches thick, 
placed perforated plate, represented the main body the dam. Above 
this was placed 10-inch layer 1/2 inch one inch gravel and 14-inch 
layer fine sand. Above the sand 30-inch layer compacted earth repre- 
sented the impervious core. This impervious core was placed layers and 
compacted rodding equivalent the compaction, which could obtained 
sheep’s-foot rollers. Above the impervious section reverse filter was 
placed, consisting inches fine sand, inches 1/2 one inch gravel, 
and inches crushed rock. Water under head 275 feet was admitted 
the space the top the model and the performance the impervious core 
and the filter noted. This model was kept under pressure for several months. 
The seepage, when could measured, checked the permeability the 
core material determined the Soil Mechanics Laboratory. (When the 
air was dry, seepage evaporated and could not measured.) passage 
the impervious material through the filter could detected. When the model 
was dismantled after more than year operation, the impervious core was 
found have been compacted into dense hard mass, which contained little 
water. Other models were made and tested, with substantially the same 
result. 

earth deposit near the site, available for use impervious core, 
was tested and found satisfactory. All the studies and tests indicated that 
earth-faced rock-fill dam, built materials readily available the 
Nantahala site, would safe and economical structure. 


The design the earth-faced rock-fill dam for the Nantahala site proved 
relatively simple. (Figure 3.) 
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Surtace Under Earth 


Excavated Solid Rock Firm Ledge Rock Stripped Rock 
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(a) TYPICAL CROSS SECTION OF DAM 
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Normal Reservoir 


CREST DETAILS OF DAM 


FIG, 


Hydrology 


The drainage area above the dam site square miles. moun- 
tainous, with steep forest-covered slopes. The average run-off 331 c.f.s. 
believed that large, sharp crested floods, short duration are possible, 
although there evidence flood exceeding 15,000 c.f.s. since the val- 
ley was settled 150 years ago. The full reservoir, with water surface 
Elevation 2890 (N. Co. Datum) has surface area 1,631 acres. 

diversion tunnel, feet diameter and 1,400 feet long, through the 
left abutment, together with earth and rock-fill cofferdam, feet high, 
diverted the river during construction. The diversion works were designed 
for flood 7,500 c.f.s., about one half the record flood. 

adequate spillway essential feature all dams. The Nantahala 
spillway (Figure was designed channel, cut through the solid, rock 
the right abutment, having discharge capacity 57,500 c.f.s., equivalent 
peak inflow 88,000 c.f.s, utilizing surcharge feet. The spillway 
will take care flood peak 978 per square mile, without 
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PLAN AND DETAILS OF SPILLWAY 


FIG, 


encroaching the feet freeboard above the surcharge level. (Figure 5.) 
The excavation from the spillway provided the rockfil! for the dam. The 
spillway channel ends steep hillside, 400 feet downstream from the toe 
the dam. The spillway discharge cascades into the original river channel. 
The upper end the spillway closed four hand operated Tainter 
gates, each feet deep feet wide, and two sections fuse plug be- 
tween the end the gate structure and the rock cut the right the spill- 
way. The fuse plug adjacent the Tainter gate structure feet inches 
long, with its sill Elevation 2871 and its crest Elevation 2892, two feet 
above the crest the Tainter gates. The fuse plug composed crushed 
rock, made watertight sand filter and earth blanket the upstream 
slope. The earth blanket protected against wave action filter and 
small rock cover. is, effect, miniature earth-faced rock-fill dam, 
which will wash out when overtopped more than one foot water. The 
fuse plug adjacent the rock cut feet long with its crest Elevation 
2890. not intended wash out when overtopped, but was provided 
primarily cushion stop any rock which might spall off from the rock 
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face above it, without injury the Tainter gates orfuse plug proper. The 
Tainter gates are counterbalanced and geared that they can opened 
closed easily one man. Hydraulic models the spillway were made and 
tested. The final design was based these tests. 

The dam was designed triangular section rock-fill across the gorge, 
placed one more lifts convenient for construction. (Figure 6.) 
Selective dumping placed the largest rock the downstream part the fill 
and the smallest quarry-run rock the upstream part the fill that the 
voids the main rock-fill would become progressively larger from the up- 
stream face the downstream face. Both the upstream and downsiream 
slopes the rock-fill were the natural angle repose the dumped 
rock. The first filter layer, 14.75 feet thick, was composed selected rock 
not larger than inches and not smaller than inches. The second filter 
layer, 6.5 feet thick, was composed crushed rock not larger than inches 
and not smaller than 1/2 inch. The third filter layer, 6.5 feet thick, was 
composed crushed rock fines smaller than 1/2 inch. The sizes specified 
and the grading the filter materials produced crushing fulfills the re- 
quirements that voids between the larger particles are filled progressively 
smaller particles prevent migration the finer material. Theoreti- 
cally, only very thin filter layer would have been required. Actually, each 
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filter was designed thick enough placed without difficulty and adjust 
itself settlement the rock-fill without danger rupture. 

Only small amount material suitable for impervious rolled fill 
was available near the site. This limited the rolled fill thickness re- 
quired prevent excessive seepage. Laboratory tests determined that 
impervious rolled fill, feet thick the bottom, where the head 230 feet, 
and feet thick the top, would have seepage rate not more than 2.75 
cubic feet per minute, which was satisfactory. The rolled fill makes contact 
with the foundation cut-off trench excavated solid rock and grouted. 

foot layer crushed rock fines minus 1/2 inch and second foot layer 
crushed rock inches 1/2 inch provides reverse filter, above which 
was placed layer quarry-run rock protect the rolled fill from wave 
action and the effect sudden drawdown. The action the rolled fill when 
subjected the stress due sudden drawdown and the ability the up- 
stream rock-fill resist this stress was uncertain. avoid these uncer- 
tainties, quarry-run rock was added until the core was safe against sliding, 
when analyzed the circular arc method generally used determine the 
stability earth-fills made homogeneous material. The resulting up- 
stream slope 2-1/2. Since the material above the rolled fill free 
draining, the design amply safe. The space between the diversion 
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cofferdam and the main dam was filled with quarry waste, making the coffer- 
dam integral part the main structure and increasing stability against 
sliding where drawdown stresses are the maximum. The upstream faces 
the rock-fill, the filters, and the impervious rolled fill, are convex upstream 
that the dam settles the filters and the rolled fill will further com- 
pacted. The top the dam the deepest section was cambered approximately 
feet higher than the abutments compensate for settlement. 


Construction 


After signing the contract July 1940, the contractor began assemble 
his forces and equipment and start work clearing the dam site. satis- 
factorily schedule the dam construction was necessary complete the 
river diversion early possible and most the early work was devoted 
the diversion tunnel. The contractor’s forces began the portal excavation 
September 1940 and had holed through three and one half months. This 
was followed construction the concrete intake portal and placement 
the concrete tunnel lining. Diversion was accomplished March 1941. 

work progressed the diversion structure, other forces completed the 
clearing and stripping the dam site. Stripping was largely accomplished 
ground sluicing using total pump capacity 8,400 gallons per minute 275 
feet head through light weight monitors. The larger materials which were not 
carried away the river were excavated the river’s edge power shovel 
and removed truck. The entire foundation area occupied the main rock- 
fill was stripped rock. the area covered the impervious earth core, 
cut-off trench was excavated solid rock. Although was necessary 
excavate this trench feet deep one area, for the most part the cut- 
off trench excavation was limited feet. Upstream the earth core, 
the foundation was only stripped top soil and vegetation. Actually, how- 
ever, there was little overburden remaining the rock this zone. the 
cut-off trench area grout seal was placed drilling series percussion 
holes feet deep and spaced about 20-foot centers. These were fol- 
lowed intermediate grout holes and further intermediate grout holes were 
required. general, these holes were sealed pressures ranging from 
150 pounds per square inch. Following completion this surface grout- 
ing, diamond core holes were drilled depth 125 feet with holes spaced 
100 feet apart single line near the center line the cut-off trench. 

Many these holes were drilled inclined position intercept many 
rock seams possible. This curtain grouting was placed 250 pounds per 
square inch pressure. Following completion this spacing, intermediates 

were grouted until the holes were spaced feet apart, and some cases 

close feet. Approximately 8,000 barrels cement grout was re- 

quired make the foundation water -tight. 

soon the diversion tunnel was ready for the river flow, cofferdam 
was placed across the river channel and diversion accomplished. The coffer- 
dam consisted principally rock-fill with impervious blanket the 
upstream slope, which later became part the upstream toe the main dam. 

With the river diverted, the balance the stripping, grouting and foundation 
excavation was accomplished. 

The spillway excavation was developed quarry and main source 
rock for the dam. After stripping most the earth and soft rock overburden, 
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the hill was benched the dam crest elevation using wagon drills. When 
the bench was wide enough form shelf hold the muck produced 
coyote blasting, the shooting was done from coyote holes. After completing 
all excavation above this bench, work was started the channel using wagon 
drills and excavating benches approximately feet deep until the channel 
grade was reached. The spillway layout was adjusted from time time 
that balance could established between quarry cut and embankment fill. 
The rock from the spillway was used the main rockfill, end dumping from 
series high lifts averaging from 130 feet height. January 1941 
the main downstream rock-fill was started beginning the right abutment 

level 130 feet above the river bed. When the river was finally diverted 
was necessary get the fill over the left abutment quickly possible 
prevent delay placement the rolled earth-fill. This was accomplished 
ramping down and reducing the height the lift 100 feet. Following 
this, the entire area was brought the 130-foot level and thereafter car- 
ried high uniform lifts across the entire width the dam. The original 
dump slope the rock was estimated one vertical 1.4 horizontal and 
was thus shown the contract drawings. However, actual observations dur- 
ing placement indicated that the rock was dumping slopes one vertical 
between 1.30 and 1.35 horizontal. was therefore necessary regulate 
the placement the rock lifts that the actual placed downstream slope 
would approximate the slope shown the drawings. 

All quarry rock dumped the fill was sluiced with water wash the fines 
and chips into the voids the larger rock. The sluicing plant provided 
cubic feet water per second under 275 feet head the monitors. The ratio 
water rock-fill exceeded which undoubtedly reduced the settlement 
which otherwise would have taken place. (Figure 7.) 

The character the rock and the methods shooting produced quarry-run 
rock varying size from tons dust. Normal quarry operation resulted 
some trucks being loaded only with large rock, some loaded with small 
rock, and some loaded with mixture intermediate sizes. Selective dump- 
ing permitted placing most the large rock the downstream section the 
fill and most the small rock the upstream section the fill. This was 
accomplished without interfering with the quarry operation. Mention should 
made the compacting effect the fill when dumping the top high 
lift, particularly where the rock was large. had been intended smooth 
the downstream slope but was found impossible move any the rock 
without shooting. was also found difficult and expensive smooth 
the slope adding rock after completion the fill. For these reasons 
the downstream slope the fill was left exactly placed. Some hand chink- 
ing was done the upstream slope, particularly near the bottom where the 
voids were large. The surface each lift was thoroughly scarified and 
sluiced remove fines. (Figure 8.) 

All filter materials were processed from small quarry rock and tunnel 
muck. Processed tunnel muck produced excellent sand. Rigid laboratory 
control was exercised over the manufacture the graded filter materials. 
Besides the usual grading, permeability and density tests, high head per- 
meability test was used determine the suitability the various filter 
materials for use the dam. The pyralin walls the permeameter per- 
mitted visual inspection the filter materials for evidence piping during 
testing. The minus 1/2 inch sand required the most careful control and 
large share the tests were confined this material. The constant head 
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type test was used under gradients high 104. Besides visual inspec- 
tion, which for several materials was test enough, comparison the grain 
size distribution before and after the test was made study the extent 
readjustments the grading the sand during the test. Records indicate 
that this constant control over processed filter material resulted the con- 
struction effective transition from the fine soil particles the large 
quarry-run rock. 

The inch filter material was first placed from the bottom the 
dam just several feet ahead the other filter materials, but, considerable 
interference developed placement, the balance this material was dumped 
down for heights approximately 100 feet from the main rock-fill without 
undue segregation. The 1/2 inch and the minus 1/2 inch materials were 
placed from the bottom using 5-yard dumptors. The sand filter was always 
placed level slightly below the 1/2 inch rock preserve continuity 
the filters. Both materials were sluiced, spread and compacted with 
dozers and rollers. was necessary cross the rolled earth-fill 
placing these filter materials, considerable care had exercised pre- 
vent tracking the earth onto the filter materials and thereby reducing their 
effectiveness. These filter materials could also placed advantage 
dumping from the top the main rock-fill through chutes. 
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Before any rolled earth-fill was placed, the bottom the cut-off trench 
was scrubbed clean with compressed air and water. One borrow pit provided 
all earth material incorporated the dam. This was developed scraper 
pit using four carry-all scrapers from cubic yards capacity hauled 
RD-8 tractors. The earth-fill was placed the core using bull-dozers 
grade and spread the material. Compaction was attained with two sheep’s foot 
rollers mounted side side, with 176 tamping feet, each having area 
5.4 square inches and developing pressure 293 pounds per square inch 
when fully loaded. areas where the roller was inaccessible, the fill was 
compacted power tampers. Additional was obtained the haul- 
ing and placing equipment which was not permitted track. The fill was 
placed 6-inch horizontal layers just slightly behind the placement the 
downstream filter materials. 

For purposes control and before placing any earth-fill, test fill was 
constructed study compaction the soil under various combinations 
rolling equipment. study the test fill results was the basis the place- 
ment criteria developed for the dam fill. Regular periodic sampling was 


started and laboratory tests performed check the results against the cri- 
teria. 


4 
FIG, 
q 
q 
q 


4 


NANTAHALA DAM 171 


Originally was planned require the impervious core compacted 
density pounds per cubic foot dry weight determined the 
Proctor test. this density, the optimum water content averaged 22.3 per 
cent. After rolled fill operations were started was evident that strict ad- 
herence the optimum water content would impossible. The natural 
water content the borrow pit averaged per cent higher than the optimum 
value and there was opportunity dry because the excessive rainfall 
the area. 

study was made determine how rapidly the core would consolidate, 
using soil characteristics obtained from the consolidation test, and assuming 
the material was placed moisture content greater than the optimum value. 
These studies indicated that the time construction was completed the earth 
core would fully consolidated under the superimposed loads the up- 
stream rock-fill and filters, matter the material was placed wet. With 
this mind, the following criteria were developed compaction require- 
ments for the impervious rolled fill: 


The minimum compaction should that which required the 
static state (no drawdown). Under this condition, the required average unit 
dry density was 94.0 pounds per cubic foot. Dry weights less than 90.0 
pounds per cubic foot were limited one per cent the samples tested. 


The minimum water content was limited per cent less than the 
optimum value determined from the Proctor test. 


The maximum water content was limited the ability the hauling 
equipment operate without miring. 


Placing the material the wet side the optimum water content had the 
advantages low air voids and flexible core which could readily adjust it- 
self the initial readjustments that take place the main rockfill. 

Three methods control sampling were used the impervious core: 


Moisture samples were taken every two hours during the placement 
fill check the water content. 


Control cylinders were taken regular intervals check the den- 
sity the fill against that required the compaction criteria. These 
cylinders were inches diameter and inches high, and were taken 
with piece thin walled pipe with sharpened end. Samples were 
usually taken 1-1/2 and feet depths below the surface avoid 
bance the sheep’s foot roller and hauling equipment. Since the cylinders 
were calibrated weight and volume, the density the sample was 
readily determined weighing the full cylinder and determining the 
moisture content. 


Chunk samples were taken regular intervals check all physical 
properties the fill. This type sampling required large test pits and 
interferred somewhat with placement operations. For this reason, tests 
this type were held minimum. was the most accurate method 
sampling and was therefore used for record testing. The chunks were ap- 
proximately one cubic foot size and were taken from the fill depth 
feet and sometimes feet obviate any disturbance due hauling 
and rolling equipment. 
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Routine control sampling and testing was performed continuously with the 
placement the impervious rolled fill. Moisture content results were gen- 
erally available within two hours but, where needed, results were obtained 
minutes volumetric method was used. One control cylinder was taken 
the average with every 1200 cubic yards earth placed. One chunk sample 
was taken the average with every 2800 cubic yards earth placed. 

Chunk samples were subjected mass gravity test for density deter- 
mination, specific gravity test, permeability test, mechanical analysis, shear 
and consolidation tests. Figures indicate the average results such 
tests. Bag samples were also taken adjacent each cylinder and chunk sam- 
ple and these were given compaction test for comparative purposes study- 
ing the degree compaction given the rolled earth-fill. 

The density results all chunk samples have been plotted graph form, 
including wet and dry unit weights, water content, void ratio and per cent air 
voids. (Figure 14.) Placement the rolled earth-fill began June 1941 and 
was completed November 1941. 

The upstream filters were placed along with the impervious rolled earth 
core. stability study the upstream slope indicated that was permissible 
let the placement the upstream rock-fill lag much feet behind 
the placement the rolled earth-fill without any possibility earth slide. 
Rock-fill operations were therefore concentrated completing the main 
downstream rock-fill not hold the rolled earth-fill operations. 
After the downstream rock-fill had gained considerable lead over the rest 
the operations, the upstream rock-fill was started. The upstream rock was 
dumped shallow lifts feet high, using two dozers bring the 
rock the design slope 2-1/2. Most the rock going into this zone 
the dam came from low level the spillway quarry and was relatively 
clean dirt and dust. Sluicing was done with monitor fed 1500 gallon 
per minute pump. 

Because the limited working space the top the dam, the various 
zones material the upper feet the embankment were brought 
the crest elevation simultaneously, but the same methods and care place- 
ment were employed. The dam was completed February 1942, months 


after the site had been unwatered. The following quantities material were 
used: 


Quarry-run rock 1,692,000 cubic yards. 
Process rock 350,000 cubic yards. 
Rolled earth-fill 223,000 cubic yards. 


Total quantity 
measured the 
structure 2,265,000 cubic yards. 


view the completed dam, with the water surface Elevation 2858, 
taken October 1942, shown Figure 15. 


Performance 


The Nantahala dam has been operation nine years. The reservoir has 
been substantially filled and emptied each season. Careful inspection has 
failed disclose any evidence local settlement the displacement 
rock. The spillway has been used three times. 
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The movement the crest the dam, vertically and horizontally, has 
been measured each month. These measurements, including December 1946, 
are shown graphically Figure 16, from which you can see that the settle- 
ment has been greatest the highest section the dam, decreasing zero 
the abutments. During the year 1947 the vertical settlement the highest 
section was 0.19 feet and the horizontal movement downstream was feet. 
Since January 30, 1942, when the dam was closed, the maximum vertical 
settlement has been feet (less than per cent the height the fill) 
and the maximum downstream movement has been 1.01 feet. 

small weir was built across the old channel below the dam that the 
flow past the dam could measured. The flow measured the weir in- 
cludes the surface run-off from area acres, the flow two small 
springs the abutments downstream from the grout curtain, and the seepage 
from the dam. For this reason the measured varied widely. shown 
graphically Figure 17. The actual seepage through the dam cannot 
definitely determined, but believed substantially equivalent the 
computed seepage cubic feet per minute), based permeability tests 
the rolled fill. any event, very small. 

Water was released through the spillway for days May 1944 for 
days January, February, and March, 1946 and for several days 1950. 


q 
sgn 
7 
= 
FIG, 
q 
7 
a 
q 


NANTAHALA DAM 177 


% Owersion Tunnel 
Intake Portal 


Power Tunnel ve 

Seal Trench 


SS 474 | a Diversion Tunnel 
we | 2 

: 

if perator's 


100 


Scale in Feet 


(a) PLAN DAM, DIVERSION AND POWER TUNNELS Portal 


FIG, 16(a) 


7 4 
7 . 
- No. \ Opserv@ A & It 
7 
7 
q 
( 
. 


NANTAHALA DAM 


178 


— 


9924 


100g 


179 


des Bny aunr Aew 


uer 209 AON WO des Bny Aew ady 


AON 


seW 


399) 


NANTAHALA DAM 


aynuiw sed 1994 u! ‘eBedses 


gt 
— 
a 
7 
2 
2 
ov 
5 
ae 
so 
2=<2 
Xe 
~ Be 
i< 
23 
2 


180 NANTAHALA DAM 


The maximum rate release was 5,000 c.f.s. The water released through 
the spillway washed substantial quantity loose material from the hillside 
into the old river channel, was expected do. The debris made 
second dam which submerged the measuring weir. 


CONCLUSIONS 


The Nantahala rock-fill dam with impervious earth section the up- 
slope designed and built, has functioned satisfactorily, with every 
indication that will continue for indefinitely long time. 

The following comments appear warranted: 


The materials from which the dam built will continue disinte- 
grate, but very slow rate, measured geological rather than 
historical time. 


Settlement the will continue indefinitely decreasing 
rate. 


The water load applied normal the inclined impervious section 
the dam. All loads are transmitted directly the foundation; the 
heaviest load through the shortest distance. 


hydrostatic pressure can built the interior the dam. 


The structure substantially water-tight. The impervious section 
the dam adjusts itself settlement the rock-fill without rupture. 


The dam was constructed materials readily available the site. 
The design facilitated construction and serious difficulties were en- 
countered. 
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DISCUSSION 


Nantahala Dam owes its inception Col. 
Growdon’s interpretation the genesis many glacial lakes, formed clo- 
sure old stream beds glacial The conversion Nature’s 
method construction Man’s has resulted the development type 
dam applicable difficult sites, having inherently indefinitely long life, 
and one which frequently can constructed far cheaper cost than other 
types. 

The settlement data reflects the variation reservoir level the case 
with many other rockfill dams. would interesting the author could 
indicate whether there has been any signs lateral movement the fill, i.e. 
from the abutments the maximum section. 


WALDO sloping core rockfill dam certainly 
deserves classed anew type. deserves classed new type. 

Concrete dams can classified differentiated one from another accord- 
ing the structural action arch, buttress, etc. For rock- 
fills, however, which the structural action always gravity type, some 
other means classification must adopted, and the kind water barrier 
used logical choice. 

Using this means classification, there are perhaps only four basic types 
rockfill dams—rigid central barrier, central earth core, rigid upstream 
face and flexible upstream face. further refinement this classification 
could made taking into account the material which the barriers are 
constructed, but the dam type would essentially the same. 

Whether, for example, rigid upstream face made concrete, steel 
wood immaterial far dam type concerned. The same would true 
for flexible face either asphalt plastic sheets—if the latter should ever 
tried. But the sloping earth core, while basically flexible upstream fac- 
ing, introduces distinctive new principle water barrier design. This 
principle changes the character the dam and, effect, creates new type. 

The principle involved is, course, sandwich thin sheet earth be- 
tween rock filter layers which are graded outward from fine coarse both 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 


Editor, Engineering News-Record, New York, 
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sides the earth. The downstream filter thus keeps the earth barrier, even 
though deforms, from migrating through the dam, while the reverse filter 
upstream performs similar function case sudden drawdown, while 
also protects the earth from wave action. The sloping earth core thus per- 
forms its function and maintains its structural integrity quite different 
means than other types flexible barriers. Beyond this fact fashioned 
from materials ready hand, which can decided advantage. 

seems proper emphasize the uniquely different character this flexi- 
ble upstream barrier, even though its significance will not missed many 
readers the paper. 

There second significant aspect the sloping earth core dams de- 
scribed this paper. that the short space decade new type dam 
was proposed, designed, built and followed the construction six others. 
Few new developments any branch civil engineering have enjoyed such 
unusual initial success. And particularly notable that the same owner, 
the Aluminum Company America, which would not likely repeat de- 
sign just out pride the fact that originated it, responsible for six 
the dams. 

This paper gives remarkably complete record the sloping earth core 
dam from inception through design, construction and operating performance. 
such, constitutes valuable addition engineering knowledge for which 
the profession owes the author its gratitude. might conceivably demonstrate 
this gratitude referring such structures rockfill dams the Growdon 
sloping earth core type. 


JAMES ASCE.—In his discussion, Mr. Bowman points 
out, with great clarity, the essential differences between the sloping earthcore 
rockfill dams and other types. The suggestions offers are most flattering 
the writer. 


Consultant, Aluminum Co. America, Pittsburgh, Pa. 
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ROCKFILL DAMS: 
MUD MOUNTAIN DAM 


With Discussion Messrs, Cooke; Lawton; and Allen Cary 


SYNOPSIS 


Mud Mountain Dam, White River, Washington, earth and rock fill 
structure 400 feet high, has settled the core zone almost exactly predict- 
during design studies which were based large scale consolidation tests. 
Differential settlement between core and shell zones caused cracking the 
crest parallel the axis the dam with rock shells settling about inches 
more than the core. 


INTRODUCTION 


Mud Mountain Dam flood control dam constructed 1939 1941 the 
Seattle District Corps Engineers the White River, Washington near 
Enumclaw, miles southeast Seattle. White River drains the glaciers 
the northeast and north sides Mount Rainier. swift mountain stream 
falling 400 feet the seven mile length reservoir above the dam. 


Site 


The dam site narrow rock canyon with the right side the axis rising 
vertically from elevation 870 1090 and the left side sloping about 1/3 
from 870 1150. Above the top rock elevation 1130, extremely compact 
glacial till occurred which sloped about 1/2 elevation about 1300. 
The till continues elevation about 1250 and overlain glacial lake silt 
and clay through which the spillway channel was excavated the right bank. 


Note.—Published essentially printed here August, 1958, the Journal the 
Power Division, Proceedings Paper 1745, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 


Geol., Soils Lab., Engrg. Dept., Univ. Washington, Seattle, Wash. 
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Structure 


Mud Mountain Dam rock fill structure 400 feet high with central 
rolled earth core. Slopes are symmetrical and downstream about the 
central axis, the top 150 feet the dam having 1-3/4 slopes and the 
lower 250 feet having 2-1/4 slopes. The central core feet thick 
the top and 150 feet thick the base. Transition zones either side 
the core are each feet thick the top and feet thick the base. 


Materials 


Materials used the dam were: 

Rock fill, andesite tuffaceous very hard. 

Transition, crushed fine grained granite. 

Core, pit-run sand and gravel with admixture percent silty 
glacial till-like material reduce permeability. All cobbles over inches 
were removed from the core material. 


Construction 


During construction the dam all riverbed materials were removed 
the surface bedrock under the entire dam, distance about 1600 feet 
along the stream bed. Canyon walls were sloped insure wedging action 
the fill settled and eliminate overhangs the rock. The core zone was 
constructed 6-inch compacted layers and the transition zones 12-inch 
layers. Rock fill was dumped 40-foot lifts and sluiced with 1-1/2 cubic 
yards water per cubic yard rock. 


Settlement Gages 


order measure the settlement the dam, gages were installed 
along the axis the dam the core construction proceeded 100,200 
and 300 feet above the bedrock surface. Monuments were also installed 
along the crest the dam well 50-foot intervals the upstream 
and downstream slopes the rock shell zones. 
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Settlement 


Settlement computations based large scale consolidation tests indicated 
that the maximum settlement the core section following completion the 
dam would 2.9 feet. The crest was overbuilt maximum feet 


percent the height fill along the axis. Settlement measurements from 
the date completion the dam 1941 continuing until 1950 indicated 
total maximum settlement 2.7 feet the crest the dam over the deepest 
canyon section, 400 feet. Thus can seen that actual settlement was very 
close the theoretical 1950. further measurements have been taken. 
The monuments which were placed 50-foot intervals the rock fill slopes 
were checked for movement until 1950. Horizontal movement 
varied from zero maximum 0.90 foot. advance predictions had been 
made this movement. 


Cracks Along Top the Dam Between Core and Shell 


August 1942 cracks appeared the crest the dam along the junction 
between the core and the upstream and downstream transition zones parallel 
the axis. Test pits revealed that the cracks were completely indiscernible 
feet depth. The cracks were excavated and backfilled but continued 
movement through 1948 reopened the cracks maximum about inches 
wide. The shell zones had settled total about inches below the core 
zones. The differential settlement between core and rock shell zones was 
not considered serious and since 1948 there has been measurable 
differential movement. 


CONCLUSIONS 


The maximum pool level which has been reached flood control operation 
has been 1117 feet feet below spillway crest 1215 feet. study 
the effect full pool behavior the dam has been made and none seems 
warranted view the close parallel between predicted and actual settle- 
ment. probably that the settlement the rock shells could have been 
reduced more sluicing water had been used and also the rock had all been 
very hard such basalt instead some tuffaceous andesite. 


COOKE MUD MOUNTAIN 


DISCUSSION 


high central core rockfill dam. Additional detail the settlement would 
particular value, since measurements described the author, but brief- 
summarized, are seldom thoroughly taken. 

The profile Mud Mountain puts the lower half the dam between steep 
canyon walls and the abutments are more gradually sloped for the upper half 
the dam. profile the vertical settlement plotted over this abrupt bed- 
rock profile would particular interest. For example, does the crest over 
the top the nearly vertical canyon wall settle 200-foot dam 400- 
foot dam, and there any arching tendency over the narrow canyon that might 
reduce settlement over that which would occur broad 400-foot fill. has 
been the writer’s observation that the crest settlement profile much 
smoother than the foundation profile and, for more gradual profiles than that 
Mud Mountain, affected more the high central fill than the shallower 
abutment fill. The maximum movement the highest section seems drag 
the adjacent sections less height. 

The cracks between core and shell have been observed number 
dams and are not very deep. They are generally agreed little con- 
cern. interesting reference such cracks, aside from this Symposium, 
article Raul Marsal and Enrique Tamez the Indian Journal 
Power and River Development, Vol. VII, No. May 1957, 18, pp, ff, 
plates. Cracks which did not occur Mud Mountain, but which would cause 
concern core rockfill dam would transverse the core and the core 
near the ends the crest the dam. The tendency, particularly the rock- 
fill, develop tension near the abutments and compression near the center. 
This most evident impervious face rockfills and should less 
sloping and then central core rockfills the influence the rockfill de- 
creases. The tensions may not cause cracks and, they should, the filters 
are there insure healing. However, rockfill dams become higher, the 
predictions movements becomes increasingly important. Few lateral 
movement measurements core rockfill dams have been published and those 
taken the high Mud Mountain would valuable. 

The downstream movement crest points would interest even though 
the dam has been filled only 300 feet its 400-foot height. 


Superv. Civ. Engr., Pacific Gas and Electric Company, San Francisco, 
Calif. 
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ASCE.—Despite the fact the settlement the Mud 
Mountain Dam was about anticipated, would appear rather surprising 
that shortly after completion the dam cracks appeared the crest along 
the junction between the core and the upstream and downstream transition 
zones parallel the axis. true the cracks are reported having been 
completely undiscernible feet depth”, but this not necessarily 
indication slippage the shell zones the transition zones. Would the 
author care comment this point? 

noted that the rockfill consists andesite described being “tuf- 
faceous very hard”. How has this rockfill withstood 


ALLEN ASCE.—The discussions and questions raised 
Cooke and Lawton are pertinent and completely answerable 
from the Unfortunately, the records complete the author 
originally believed. has come light that the monuments the top the 
dam along the axis and not set for period days after 
completion the dam. The statement that the 1950 measurement indicated 
total settlement 2.7 is, therefore, 

Fig. shows section the dam along the axis with the measured settle- 
ment the gages El, 950, 1050, and 1150 plotted exaggerated scale. 

Fig. shows, graphically, the settlement measurements all gages. 
Readings taken from 1947 1950 indicate practically movement. 


SPILLWAY 


VARIES 
EL.1000 
EL.900 
850 
EL.800 


FIG, ALONG AXIS DAM, LOOKING UPSTREAM 


Chf. Engr., Power Dept., Aluminium Labs., Ltd., Montreal, Canada. 
Geol., Soils Lab., Engrg. Dept., Univ. Washington, Seattle, Wash. 
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DEFLECTION MONUMENTS MAY 1950 


Horizontal movement monuments the top the dam set days after 
completion along the axis indicate lateral movements 1949 follows: 


Monument No. Downstream Component Upstream Component 
0.02 feet 
0.08 feet 
0.11 feet 
0.11 feet 
0.05 feet 
0.20 feet 
0.15 feet 


The upstream and downstream components movements are attributed 
entirely topography the canyon walls. Fig. indicates the horizontal 
component the downslope movement monuments set the slopes. 

great percentage the rock hard and brittle showing evidence 
weathering. small percentage the tuffaceous andesite has weathered 
severely, but the total volume this rock small that can affect the 
total settlement rock shells very little. 
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Paper No. 3068 


ROCKFILL DAMS: 
TVA CENTRAL CORE DAMS 


George ASCE and Oliver Raine,2 ASCE 


SYNOPSIS 


Especially valuable are reports the behavior rock fill dams com- 
pare with the design assumptions. The many variable and sometimes unknown 
conditions which influence the design fill dams are sometimes either over- 
under-emphasized and, therefore, misapplied. Only comparing the re- 
sults with the design assumptions can better dams built. The authors have 
made this comparison three TVA fill dams. 


INTRODUCTION 


The central core rock fill dams built the Tennessee Valley Authority 
(Fig. naturally differ from those built other owners due varying de- 


sign assumptions, available materials, and methods construction; but gener- 


ally speaking, all consist heavy, nearly impervious central earth core 
supported and stabilized massive dumped rock fills the upstream and 
downstream faces. While emphasis will the performance three 
TVA’s dams beginning with reservoir impoundment, seems necessary and 


appropriate describe some detail their planning, design, and con- 


Note.—Published essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1736, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication Transactions, 

Cons, Engr., Knoxville, Tenn. 


Engr., Tennessee Valley Authority, Knoxville, Tenn. 
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Advantages This Type Dam 


Central core rock fill dams (Fig. 1), properly chosen, designed, and 
built, have many excellent qualities. Most important these might their 
durability, their permanence. Neither fire nor flood, heat nor cold affect their 
life any way. time war, they would have much better chance for sur- 
vival than concrete dams. They are permanent the hills into which they 
abut. 

Dams this type are economical that use made natural materials 
the site instead the more costly materials required concrete 
structure; design less complicated; and construction relatively simple. 


Three TVA’s Rock Fill Dams 


Three central core rock fill dams built the Tennessee Valley Authority 
will described. These are all located the upper tributaries the main 
river, Watauga and South Holston the northeast corner the watershed and 
Nottely the southeast corner, all rivers the same name. The three 
projects serve multipurpose objectives and have considerable flood control 
storage well power installations. 15,000-kw unit has recently been 
installed Nottely utilize the available energy from the discharge the 
downstream Hiwassee project during peak operation. Fig. shows cross 
sections the three dams, and Figs. and show views the dams. 


Table Principal Features 


Nottely Watauga South Holston 
Time Construction 1941-1942 1947-1948 1948-1950 
Crest Length Feet 1,942 900 1,600 
Maximum Height Feet 184 318 285 
Camber for Settlement Feet 10.1 
Quantities Millions Cu. Yds. 
Rolled Earth Fill 0.85 1.48 2.09 
Rock Fill* 0.70 2.02 3.81 
Nominal Top Elevation 1794 1998 1765 
Maximum Design Headwater 1788 1988 1755 


Normal Maximum Headwater 1780 1959 1729 


*Includes filter material 
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The Local Materials 


The earth materials available where these three tributary stream dams 
are located were classified follows: Nottely, sandy clay; Watauga, clayey 
sand and lean clay; South Holston, medium clay. these there 
would have been sufficient amount these fine soils available for con- 
struction all earth dam, with rather flat face slope, but each location 
there was also available large quantity rock for the construction rock 
filldam. After due examination, the rock fill type with central earth core 
proved more economical. This type required less total yardage, con- 
struction time was reduced, and the diversion, power and outlet tunnels were 
considerably shorter. Rock classifications were follows: Nottely, quartz- 
ite with per cent mica schist; Watauga, quartzite; South Holston, sandstone 
with some shale. 

Since the rock fills furnish most the stability this type dam, wide 
variations materials and dimensions the core are possible suit availa- 
ble local materials and relative costs earth and rock. There will 
difference settlement characteristics the compacted earth core and the 
dumped rock fill, but with heavy core this difference can have injurious 
effect the watertightness the core. 

The heavy earth core can made almost any ordinary earth material. 
The governing criteria are permeability and compressibility. The material 
must impervious when compacted and, therefore, must capable 
moisture control that thorough compaction can accomplished provide 
the impermeability and reduce the settlement the finished dam. 


Design the Rock Fills 


The rock fill must made sound rock having good compressive strength 
and durability against weathering. For rock fills the dry weights have been 
from 105 120 pounds per cubic foot. The quartzites, limestones, and dolo- 
mites the region are generally acceptable, but the shales are generally un- 
acceptable. 

South Holston Dam high-grade sandstone was used and since the 
characteristics this material were uncertain large scale test was made 
check the friction angle dumped rock fill. Opening the quarry 
South Holston revealed that along with the sound sandstone were appreciable 
quantities shale and sandstone from which cementing material had dis- 
appeared. This uncemented sandstone had the appearance being sound, but 
handling broke down into sand and fragments stone. The apparatus 
shown Fig. was filled with 12-inch stone which was vibrated during 
placement. Concrete slabs were superimposed for added load, and the hy- 
draulic jacks then applied horizontal force until actual lateral displacement 
the frame and its contents took place. The tests showed effective 
friction angle degrees for the sound sandstone. 

When the stone was removed from the frame, several pieces were found 
have actually broken, indicating the good interlocking action and crushing 
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resistance the pieces. Tests both the shale and uncemented sandstone 
showed friction angle about degrees for each. The tests effectively 
verified the use the generally assumed 45-degree friction angle good 
dumped rock fill. 

Use the weaker stone was allowed the upstream rock fill mixed with 
enough superior stone have average friction angle more than de- 
grees. compensate for this reduction strength the rock, the upstream 
surface slope was flattened 2.2 the lower part and 2.1 the 
upper part. Only sound rock was used the downstream rock fill. 

Both upstream and downstream surface slopes all three dams were es- 
tablished except the upstream slope South Holston mentioned 
above. all dams the slopes were broken berms spaced feet vertical- 
ly, the actual slope between berms being 1.4 with the average surface 
slope drawn through the centers the berms. Rock dumped from trucks 
slope not more than feet high does not roll away any great extent and 
takes natural slope about 1.4. 30-foot-deep layer rock fill can 
thus placed against the core along the full length the dam with subse- 
quent handling except clean the berms for the sake appearance. 


Design the Earth Core 


For the three dams under discussion, the friction angles the core ma- 

terials have been from degrees and the saturated weights from 120 
130 pounds per cubic foot. this type dam cohesion the core material 
does not have major influence the strength the maximum dam section. 
the heavier Nottely core, cohesion 500 pounds per square foot was in- 
cluded the design. the steeper cores Watauga and South Holston co- 
hesion was ignored. The soils used actually have cohesion 400 1000 
pounds per square foot, adding the computed safety 

shown Fig. the core slopes Nottely Dam are flatter than 
Watauga and South Holston. This was due the fact that core material 
Nottely was easier obtain than rock. Then, too, the dam was built ona 
crash schedule and was known that considerable core could placed be- 
fore the quarry and crushing plant were ready produce rock fill and filter 
material. This suggested that the core wide practical consistent with 
safety. Generally the core precedes the rock fill and should capable 
standing alone some height above the rock fill. The circumstances called 
for flatter core slopes. (At Nottely the height the earth core one time 
led the rock fill much 100 feet.) 1.2 was established 
for the downstream side the core. For the drawdown condition the up- 
stream slope the rock fill dry but the earth core saturated, providing 
only buoyant weight for frictional resistance. So, maintain the desired 
factor safety, the upstream rock fill was made thicker within the es- 
tablished outer slopes making the upstream face the core 

TVA has the slip-circle method for the design all fill dams. For 
the maximum dam section Nottely the computed slip-circle factor safety 
for the downstream slope with reservoir full and for the upstream slope with 
complete sudden drawdown was about the design the internal friction 
the saturated earth fill was assumed degrees. was later found 
degrees which increased the factor safety. 
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Watauga and South Holston, rock was abundant and readily accessible 
both sites, there was expectation that the cores would seriously lead 
the rock fills. The core slopes could therefore made relatively steep. 
Watauga, core material was also abundant and economically obtainable, but 
South Holston earth borrow involved longer haul and more difficult exca- 
The core slopes were set 0.85 for Watauga and 0.75 for 
South Holston, both upstream and downstream, with the design rock slopes 
for both dams. 

With this core shape was assumed that the core would fully saturated 
full pool level, making the stability the upstream slope for the complete 
drawdown condition identical with that the downstream slope for reservoir 
full. The core material friction angles were degrees Watauga and 
degrees South Holston. The computed slip-circle safety factor for the 
maximum dam section was 1.7 for Watauga and 1.65 for South Holston. 

foundation drain blanket was provided for the full length Nottely Dam. 
underlay somewhat more than the downstream quarter the core. The 
design assumed that this heavier core the saturation line would lowered 
the drain blanket. Watauga and South Holston was evident that drain 
blankets would ineffective. The blankets shown Fig. for these dams 
cover only the exposed river bed where they might serve intercept seepage 
through open rock seams and reduce uplift under the core. 

Filter blankets were used between the earth and rock both slopes 
prevent the core material from being washed into the rock. Two zones were 
placed all dams the upstream side. Two similar zones were placed 
the downstream side Watauga and South Holston, but Nottely there only 
single 3-foot-thick zone. 


Construction Details 


The treatment the cutoff between dam and foundation varied suit local 
conditions. Nottely the overburden was thin except the upper part the 
left abutment. the lower left abutment, across the channel, and the en- 
tire right abutment all overburden was removed from the area covered 
upstream and downstream rock fills and the upstream half the core. 
trench was excavated impervious rock just upstream the center line 
dam. concrete cutoff wall the trench was keyed feet into rock and pro- 
jected feet into the core. grout curtain was required this rock 
Good overburden was left place under the downstream half 
the core. the upper left abutment, where the height dam became less 
than feet, two sections were used. Where the dam was feet high, 
overburden was removed for the entire base rock fills. Overburden was 
left place under the entire core, the cutoff wall was omitted, and the up- 
stream face the overburden left place was blanketed with feet 
rolled core material. Where the dam was less than feet high, core and 
rock fills were founded stripped overburden. 

both Watauga and South Holston, overburden was thin and was removed 
under the entire dam area except few areas where good overburden was 
left place under the downstream half the core. grout curtain was pro- 
vided the rock foundation the upstream quarter point the core. The 
traditional cutoff wall was omitted. Its only function could make firm 
connection between foundation and core one isolated spot and increase the 
seepage path along the foundation plane the total its peripheral di- 
mensions. With good compaction the core the foundation successful 
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cutoff accomplished. The presence cutoff wall projecting into the fill 
makes equipment compaction fill near the wall difficult and calls for inef- 
ficient hand tamping. trench feet wide was excavated feet deep into the 
rock the line the grout curtain and filled with concrete. This concrete 
cap sealed the top the grout curtain and provided working surface for 
drilling and grouting operations. 

Characteristics the foundation and fill materials were determined from 
preliminary investigations and conservative values these characteristics 
were used the design. Control construction procedures guarantee the 
design strength was maintained the field engineers. All earth fill was com- 
pacted spreading thin layers and rolling with sheepsfoot rollers. Any 
overburden left place under earth fills was well harrowed and recompacted 
with sheepsfoot rollers the same the fill itself blend fill with foundation 
and obliterate the junction. 

Rock fills were placed dumping from trucks. each point dumping 
one more streams water 100-psi pressure from 2-inch nozzle re- 
moved small fragments from the contact between the larger rocks and ac- 
celerated the settlement and adjustment the fill. 

Significant settlements were expected these high dams, and the tops 
the dams were cambered extra height maintain future freeboard. 
Possible settlement was estimated from laboratory tests the earth materi- 
als during fill construction. South Holston, for example, the ultimate 
settlement was estimated about feet and therefore the maximum 
section the dam was raised feet, corresponding about the 60-year es- 
timated settlement. Actual measured settlement both Watauga and South 
Holston has been substantially less than the estimated. avoid sagging 
appearance near the top the dam, the three upper rock berms Watauga 
and South Holston were cambered successively greater amounts build 
the top camber. 


Measured Settlement Core 


Continuous records settlement have been kept Nottely, Watauga and 
South Holston Dams. Observations Watauga and South Holston started one 
month, and Nottely four months, after completion the fill and dam 
closures. The reservoirs were nearly full eight nine months, and since 
initial filling they have experienced seasonal drawdowns and refillings during 
flood control and power storage operations. 

Nottely the fill was placed one period; Watauga two periods; and 
South Holston three periods. The work periods were separated the 
typical winter rainy season. 

All the observation points are located the central earth core the 
maximum section and represent consolidation the earth core under its own 
weight and weight the superimposed rock shoulder. settlement measure- 
ments were made the rock fill itself. 

Time-settlement curves for the cores these three dams are shown 
Fig. plotted direct settlement, settlement percentage height, and 
settlement function the square the height. After ten years the top 
Nottely Dam had settled 1.1 feet 0.6 per cent the 184-foot height. 
Watauga Dam eight years settled 2.6 feet, 0.8 per cent its 318-foot 
height, and South Holston’s 285-foot height was decreased 6-1/2 years 
2.85 feet 1.0 per cent. age six and one-half years (South Holston’s age), 
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FIG. 4.—DEFLECTION CURVE FOR SOUTH HOLSTON DAM 
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FIG, 5.—CRACKS FORMING ALONG UPSTREAM SHOULDER 
CORE WATAUGA DAM 
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the percentage settlements Nottely and Watauga were 0.46 and 0.74 com- 
pared with South Holston’s 1.0 per cent. 

Since consolidation specimen varies directly with its length and rough- 
with the pressure applied it, the settlement fills would expected 
vary approximately the square the height the fills, providing the fills 
have the same shape and are made materials with similar consolidation 
characteristics. The chart this function shows the relative settlement 
curves proportionately closer together than the direct settlement the 
percentage settlement, the Nottely and Watauga curves practically coinciding. 

Theoretically, the rate settlement South Holston and Watauga should 
have been about the same. Watauga the dam slightly higher (320 feet 
compared with 290 feet), producing higher compression. The rate placing 
the fill was much faster Watauga (13 months) than South Holston (24 
months). Therefore, the consolidation obtained during construction greater 
South Holston. the detailed computation consolidation these conflicting 


influences produced closely similar time-settlement curves for both dams for 


the first three years after completion the fills. Thereafter the computed 
curve for the higher Watauga Dam showed little greater settlement. 

After the first year the curves actual settlement the two dams are 
nearly parallel, both slower rate than the computed. The only significant 
difference occurred the first year, when South Holston experienced settle- 
ment much faster rate than expected. Here the top ten feet the nominal 
height the core and the superimposed 10-foot camber were compacted 
truck and tractor rather than sheepsfoot rollers. suspected that this 
contributed materially the rapid early settlement. Fig. 3-a shows com- 
parative computed and actual settlement curves. 

The vertical settlement curves for Watauga and South Holston seem 
show some response reservoir fluctuation, evidenced the local 
steepening the curve the end each the earlier years-when readings 
taken with sufficient frequency disclose the effect. (Figs. 3-a and 
3-b. 


Cracks Top Dam 


Unequal settlement the central core and the rock fills has resulted 
considerable cracking, with the resultant maintenance expense, along the 
shoulders the core all three dams although much less South 
Holston than Watauga and Nottely. each case the rock fills settle more 
than the cores. 

Progressive settlement along both shoulders for the full length the road- 
way Watauga has been noticeable for several years. Cracking each side 
the pavement (see Figs. and has been filled with asphalt several times. 
These cracks seem follow roughly the edges the earth core beneath the 
pavement. 1957 there was vertical displacement four inches 
50-foot section the downstream side near the right end. This larger 
crack was enlarged and backfilled with clay and surfaced with hot mixed as- 
phaltic concrete. shorter area the left end the upstream side re- 
quired similar treatment. The greatest settlement appears have occurred 
the extreme left end the upstream side the edge the shoulder. 

contrast, South Holston the roadway cracked only one short 
section the downstream side the left end where roadway fill crosses 
the core join the top the dam, Widening the top the core, which was 
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FIG. 6.—WATAUGA DAM, CRACK ALONG DOWNSTREAM SHOULDER 
CORE CUT OUT, FILLED AND SEALED 
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done for construction convenience, was beneficial. comparison the top 
details the cores Watauga and South Holston shown Fig. There 
little, any, change the relative elevation the top the roadway and 
the point the shoulders South Holston; whereas, Watauga the shoulder 
some spots much six eight inches below the center the road. 

Severe similar cracking Nottely was observed 1955, although prior 
that time upstream settlement the rock fill and resultant repairs had com- 
pletely buried the curb under inches bituminous material. The 
downstream curb still retained its original appearance. 1956 small crack 
opened along the downstream shoulder, but was filled and today both 
sides seem stationary. 

The 1955 crack extended for about 600 feet along the high part the dam. 
was the pavement and generally was located feet from the upstream 
edge the embankment, but some places was much feet. 
The crack was generally 1/4 inch less wide, but one two places and 
over short distances the width was much 1-1/2 inches. Its depth exceed- 
feet determined probing rods and 4-inch auger holes, the latter be- 
ing stopped rocks. There was significant indication any differential 
settlement between the edges the crack. The pavement sloped downward 
between the crack and the upstream edge the embankment. 

Many ideas, some unique and possibly far-fetched, have been presented 
explain the cause causes the cracks these three dams. The seeming- 
apparent cause was expressed above—unequal settlement the core and 
rock, which influenced differences materials, design, and construction 
methods. 

difficult interpret the differential settlement core and rock fill 
although generally recognized that some rapid adjustment and settlement 
the rock fill expected. The compaction core material pretty 
well known and settlement can anticipated from laboratory tests. Rock 
fills, however, due varying qualities gradation, hardness, durability, 
roughness, and construction methods cannot anticipated. 

evidenced the settlement curves (Fig. good compaction was 
achieved all cores. Settlement after 6-1/2 years years did not exceed 
per cent the height. believed that the low 0.6 per cent settlement 
Nottely was due the sandy soil which had near optimum water content. 

Watauga and South Holston moisture control was troublesome with the soils 
the borrow pits being generally the wet side optimum. Aeration and 
drying the soil before placing consumed much valuable time and compaction 
may have been hurried. 

The cracking described does not endanger the stability the dams the 
friction the rock fill and cohesion and friction the uncracked portion 
the impervious core provide adequate safety. 


Deflection 


Nottely Dam showed appreciable lateral deflection during reservoir filling. 
Upon first filling, the top the dam the maximum section deflected down- 
stream nearly three inches. The deflection decreased one during the 
next drawdown and increased one-half inch refilling. 

Watauga Dam showed significant deflection from reservoir filling. 
readings have been taken Nottely and Watauga for number years. 
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FIG, VIEW NEAR END CONSTRUCTION WATAUGA DAM 


FIG, 9.—DOWNSTREAM VIEW SOUTH HOLSTON DAM 
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South Holston Dam has shown unusual lateral deflection the top the 
dam. point near the center the dam deflected upstream more than three 
inches during the initial loading the dam 1951 the reservoir water. 
This deflection has varied during the subsequent seven years shown the 
curves Fig. response about one-half inch reservoir changes 
the early years indicated. The upstream deflection might have been due 
tilting the dam foundation during reservoir loading. Substantial width 
the valley floor the dam site and relatively weak shale and sandstone foun- 
dation rock might tend produce such tilting effect. However, there 
survey information substantiate this theory. 


Seepage and Toe Drainage 


Little information available concerning the seepage through the core and 
toe drainage below the three dams herein described. must suffice say 
that toe drainage has been low. Nottely attempt has been made catch 
the drainage from the right bank and measure its flow over weir. Hydro- 
graphs flow compared with rainfall Nottely during 1954 indicated that the 
drainage was about gpm during dry periods and about gpm after rainy 

The collection accurate seepage and drainage flows extremely difficult 
and unreliable. Rainfall, temperature, evaporation, and geology all tend 
discourage the observer from placing too much reliance his records. 

Since visual inspection has consistently shown low flows, seems not too 
important worry about the actuai amount seepage. 


CONCLUSIONS 


TVA dams 300 feet high the settlement the core six eight 
years has been less than predicted from computation simple vertical con- 
solidation, except for vagaries the first year so. 


The rock fill shoulders have generally experienced more settlement than 
the cores during the early years. Efforts should directed toward reducing 
this difference settlement much possible, and toward minimizing the 
effect the difference. The rock the fill should sound and durable and 
should placed under specifications which accomplish its adjustment 
stable position. the dam have paved roadway, the core the top 
should the full width the roadway including curbs and continuous type 
guard rail. stone guard fence, well adapted these dams, was used 
Watauga and South Holston. Located the rock fill shoulder, was made 
selected large stones spaced about seven feet centers. 

Little can deduced from the deflection experience these dams except 
that they show certain elasticity deflection under varying reservoir load. 

The spectacular dam performance usually associated with inadequacy 
failure, the whole part. The performance TVA’s heavy central 
core rock fill dams has been entirely adequate, therefore not spectacular. 
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DISCUSSION 


LAWTON, ASCE.—The authors’ treatment the design and con- 
struction features the Nottely, Watauga and South Holston dams valuable. 
greatly enhanced the discussion operating experience. 

The advantages the central-core rockfill dams are well stated. The 
authors might have added that these probably apply equally well rockfill 
dams with sloping impervious core. The type essentially dictated the 
relative availability suitable material for the core. Both types appear much 
more resistant, inherently, earthquake damage than any type concrete 
dam. 

Reference made the types rock used for fill the three dams, i.e. 
quartzite with per cent mica schist Nottely, quartzite Watauga, and 
sandstone with some shale South Holston. would have added the value 
the paper the authors had given brief account the principal geolo- 
gical features the cross sections the sites. Information strike and 
dip the formations would also have been useful. 

The unequal settlement the central core and rock shoulders, which has 
been noted the three dams, particularly Watauga and Nottely, gives rise 
the question: the rock shoulders reality slide, degree, along the 
contact zones? This phenomenon appears weakness the central- 
core rockfill dam compared with the sloping-core type. 

The data reported for the lateral deflection interesting. The rebound 
Nottely dam and the upstream deflection for South Holston dam are noteworthy 
and confirm observations elsewhere. The implication, for South Holston, 
“The upstream deflection might have been due tilting the dam foundation 
during reservoir loading” interesting one and might the explanation 
what is, otherwise, difficult explain. 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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ROCKFILL DAMS: 
DAMS WITH SLOPING EARTH CORES 


James Growdon,! ASCE 


With Discussion Messrs, Torald Mundal; John Lowe, and James Growdon 


SYNOPSIS 


This paper briefly reviews the principles which govern the design 
rockfill dam and discusses six rockfill dams with which the author has been 
intimately acquainted since completion the Nantahala Dam. Bear Creek 


Dam, one these six, incorporates most improvements design and con- 
struction learned from experience. 


INTRODUCTION 


The conservation and control water vital many parts the world 
and becoming increasingly important all places where resources are be- 
ing developed and population increased. Most projects for the control and 
use water include dam some place their progress schedule. During 
the last years great many dams widely varying types have been con- 
structed. Particularly the United States, most the better dam sites have 
been occupied leaving the less desirable sites for present and future develop- 
The high cost building dams has resulted search for better and 
more economical types. result this search the rockfill dam with slop- 
ing impervious earth core was developed. The first dam this type 
constructed was described 


The economy and performance the Nantahala Dam has been satis- 
factory that several similar dams have been built and others are being de- 
signed and constructed. This paper limited brief review the princi- 
ples which govern the design rock fill dam and discussion the six 
rock fill dams with which the writer has been intimately acquainted since the 

essentially given here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1743, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 

Consultant, Aluminum Co, America, Pittsburgh, Pa. 
“Rockfill Dams: Natahala Sloping Core Dam,” James Growdon, 
Transactions, ASCE, Vol. 125, Part II, 1960. 
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completion the Nantahala Dam. The major part the discussion will con- 
cern the Bear Creek Dam which was completed 1953 since incorporates 
most the improvements the design and the construction rock fill dams 
which have been learned from experience. 

The rock fill dam should constructed only suitable site. The first 
requirement supply sound rock adequate for the structure. Sound rock 
may described rock which will not disintegrate the quarry nor the 
handling; which strong enough sustain the weight the dam and the water 
load and which will not disintegrate rapidly when exposed weather. The 
second requirement adequate supply earth suitable for the impervious 
core. Characteristics “suitable earth” may vary widely without effecting 
the usability for impervious core provided its characteristics are taken 
into account the design. the site permits the use diversion tunnel 
pressure conduit after the project has been completed and the quarry can 
provide adequate spillway the economy the project will enhanced. 


Design 


The design rock fill dam with sloping earth core quite simple. 
consists the basic triangular rock section dumped the natural angle 
repose, with impervious earth core the upstream slope from which its 
separated suitable filter prevent the migration the smaller particles 
into the voids below. The upstream surface the earth core protected 
filter and layer rock thick enough protect the core from wave action 
and prevent from sloughing under sudden draw 

With one exception dams this type far constructed have had rock 
foundation from which the overburden has been removed. Any foundation 
which can described rock shale entirely adequate for even high 
rock fill Alluvial material filling river channel also provides ade- 
quate foundation. The foundation problem greatly simplified because there 
sharply differential loading the foundation. Water load transmitted 
through the rock fill the foundation normal the earth core, that the 
heaviest water load reaches the foundation through the shortest path. 

seal trench should excavated groutable rock where the earth core 
contact with the foundation. This seal trench should grouted what- 
ever degree necessary limit the passage water through the foundation 
acceptable amount. The core placed directly the rock the seal 
trench, 

Characteristics the earth core can readily determined soils me- 
chanic laboratory and the impervious core designed suit the characteristics 
the material available. The thickness the core should such 
limit the passage water through the dam acceptable amount. should 
wide enough permit placing with mechanical equipment and thick enough 
prevent rupture due differential settlement the basic rock fill. The 
lower and upper filter zones can made sand and gravel crushed rock 
screened and sized that “The 15% size the filter larger than 
times the 15% size and smaller than times the 85% size the adjacent 
filter zone. The 15% size and the 85% size used this specification are 
sieve sizes which pass 15% and 85%, respectively, the material”. The up- 
stream rock blanket designed prevent the sloughing the core under 
conditions sudden draw The water impounded the dam compres- 
ses the earth core against the filter material below that core 
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moderate thickness contains very little water and its angle internal friction 
much greater than would for the same material saturated condition. 

All rock dams settle due the break down the point contact between the 
rocks comprising the basic rock fill and because fine material which may 
separate, some the larger rocks will time migrate into the voids below. 
Settlement both downward and The downstream settlement 
being generally 1/2 magnitude the vertical. The basic rock fill should 
designed convex upstream that when settlement occurs will further com- 
pact the earth core. The dam should given camber that the center 
the structure will least high the abutments after long period 
settlement. 


Existing Dams 


Fig. shows the profile the existing rock fill dams referred herein. 
this you can see that the dams vary height from feet 317 feet. With 
one exception the downstream slope the natural angle repose which 
substantially one vertical 1.3 horizontal. The downstream slope the 
Kenney Dam consists series berms which brings the average slope 


HEIGHT FEET 


WOLF CREEK 670 
BEAR CREEK 750° | 


; 


FIG. 


one vertical 1.75 horizontal. each the dams shown the upstream 
cofferdam has been incorporated the structure. The upstream slope the 
days shown varies from one vertical horizontal one vertical 2.5 
horizontal with steeper slope the top all except Kenney Dam. 

Figs, through show several the dams under construction and com- 
pleted, 


The rock used Nantahala was very hard massive arkose. Quarrying 
methods produced rock all sizes. Some single rocks were full load for 
truck. The rock Queens Creek was also arkose but much less massive. 
Rock Cedar Cliff, Bear Creek, Wolf Creek, and East Fork good quality 
shist much softer than the arkose. The rock used for the Kenney Dam was 
very sound hard basalt. 
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3.—QUEENS CREEK, SPILLWAY CHANNEL 
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FIG, CREEK DAM, RESERVOIR FILLED 
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CREEK, FUSE PLUG CONTROLLING SPILLWAY 


FIG, 5.—NANTAHALA DAM, DOWNSTREAM 
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FIG, 6.—NANTAHALA DAM, UPSTREAM FACE WITH PARTIALLY FILLED DAM 
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FIG, CREEK DAM, UNDER CONSTRUCTION 
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FIG, CLIFF DAM, CASCADE SPILLWAY DISCHARGING 3,000 cfs 


FIG, CREEK DAM, UNDER CONSTRUCTION 
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FIG, CREEK DAM, DOWNSTREAM FACE 
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FIG, 14.—BEAR CREEK DAM, FULL RESERVOIR 


FIG, CREEK DAM, CONSTRUCTING FUSE PLUG 
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FIG, CREEK DAM, CASCADE SPILLWAY DISCHARGING 2,000 cfs 
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FIG, 16.—BEAR CREEK DAM, CASCADE SPILLWAY 
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FIG, CREEK DAM, TAINTER GATE AND FUSE 
PLUG CONTROLLING SPILLWAY 
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FIG, 18.—TENNESSEE CREEK DAM, PARTIALLY FILLED RESERVOIR 
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FIG, 20.—WOLF CREEK DAM, PARTIALLY FILLED RESERVOIR 


FIG, CREEK DAM, TAINTER GATE AND FUSE PLUG 
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Unlimited quantities sand, gravel, and silt were available the Kenney 
site. Sand and gravel was used for the filter layers and the silt for the im- 
pervious core. The impervious earth available Nantahala, Queens Creek, 
Cedar Cliff, Bear Creek, Wolf Creek, and East Fork dams was quite similar 
although means identical. Table 1(a) shows the optimum soil conditions, 
Table 1(b) shows the place soil conditions, and Table 1(c) shows the general 
soil characteristics for each these six dams. Table 1(d) shows the vertical 
and horizontal settlement and the leakage. 

You will note that the settlement varies from 2.85 feet vertical, 1.53 feet 
horizontal feet vertical and 0.18 feet horizontal Queens Creek. The 
amount settlement partly determined the construction procedure. 


Leakage 


There has been measurable leakage passed the Kenney Dam. case 
the other dams leakage has been collected immediately below the dam and 
measured when the reservoir was full during dry weather. The leakage varies 
from 14.6 cubic feet per minute Wolf Creek 2.67 cubic feet per minute 
East Fork. probable that most all the measured leakage through 
the foundation rather than through the impervious core. The small amount 
water which passes through the core would certainly evaporated before 
reaching the point where can measured. 


Bear Creek Dam 


Experience gained constructing these several rock rill dams has result- 
improving some features the design and the construction procedures 
used Nantahala. The Bear Creek Dam completed November 1953 in- 
corporates most these improvements. more detailed description the 
design and construction Bear Creek will illustrate the latest procedures 
for rock fill dam the Bear Creek site. this connection should 
emphasized that two dam sites are identical and the design and construction 
procedures should varied suit the particular site. 


The Site 


The Bear Creek site the East Fork the Tuckasegee River 
western North Carolina. The drainage area 75.3 square miles. The aver- 
age flow 207 c.f.s. The maximum flood record 21,000 c.f.s. and the 
minimum flow The site narrow gorge with massive shist the 
right abutment and somewhat less massive shist the bottom and left 
abutment. The site would suitable for concrete gravity dam but would 
require extensive excavation reach suitable foundation particularly the 
left abutment. supply earth adequate for earth dam not readily 
available. excellent site for rock fill dam. 

Fig. plan the entire project. The dam 215 feet high and 775 
feet long the cresi. contains 850,000 cubic yards rock, 70,000 cubic 
yards crushed rock filter and 165,000 cubic yards compacted earth 
measured the dam. The dam creates reservoir with surface area 
476 acres and useful storage 4,536 acre feet. 


Design 


The basic design the Bear Creek project consists rock fill dam with 
unlined diversion tunnel 1,484 feet long, through the right abutment. The 
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TABLE 1,—SUMMARY SOILS DATA 


Water content, 


Average 25.3 

Maximum 27.0 

Minimum 
Dry density, pcf 

Average 95.8 

Maximum 


Minimum 


Water content, 


Average 26.7 
Maximum 33.5 
Minimum 
Dry density, 
Average 94,3 
Maximum 104.8 
Minimum 87.1 
Permeability, 
Average 0.0049 
Maximum 0.1760 
Minimum 0.0006 
Shear friction angle, 
degrees 
Average 30.5 
Maximum 32.0 
Minimum 29.0 
Cohesion, psf 
Average 850 
Maximum 


Minimum 


pecific gravity 
Mechanical analysis 
15% size, 


Average 0.0015 0.0020 

Minimum 0.0001 0.0002 
85% size, 

Average 0.390 0.200 

Maximum 


Minimum 0,150 


Vertical settlement, 
Vertical settlement, 


Horizontal movement, 

Years settlement 

observation 0.8 


Leakage, cfm 


hala Creek Cliff Creek Fork wee 
Optimum Soil Conditions 
ical 
In-Place Soil Conditions 
‘ies 
General Soil Characteristics 
Performance 
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FIG, BEAR CREEK DAM 
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FIG, 23,—CROSS SECTION BEAR CREEK DAM 
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lower end the diversion tunnel lined and used power conduit. 
10,000 hydroelectric unit installed small powerhouse the exit 
end the diversion tunnel. the right abutment there cascade spillway 
with capacity 60,000 c.f.s. controlled one feet feet tainter gate 
and fuse plug. 

The design rock fill dam should take into account the conditions the 
site. The character and accessibility the available material and the con- 
struction procedures, achieve the optimum economy. 

Measured the cut, the rock will swell approximately 35% dumped 
rock fill. The spillway was designed furnish exactly the rock required for 
the dam. This resulted cascade spillway with three cascades. The ve- 
locity the spillway was limited feet per The cascades were 
designed provide definite quantity rock definite elevation facili- 
tate hauling the dam. 

Measured the cut the compacted earth core shrank 17%. 

Fig. shows maximum section the Bear Creek Dam and Fig. 
shows detail the top part the dam. 

this mountainous country there very little soil but diligent search 
found enough earth for the impervious core within mile the dam. The 
filters were made crushed and screened rock since there was sand 
gravel available. 

The construction the diversion tunnel was started first. While was be- 
ing driven the dam site was cleared and loose material removed. When the 
diversion tunnel and intake had been completed the upstream cofferdam was 
built using rock from the lowest cascade. The seal trench was then excavated 
and grouted and the first section the main rock fill was built taking rock 
from the second cascade. The small upstream section the main rock fill 
was adopted for reasons. 


(1) permitted the completion the seal trench without interfering with 
dumping the main rock fill. 

(2) used rock from cascade the proper elevation. 

(3) permitted completing the upstream part the dam Elevation 2435 
during dry period. 

(4) provided much higher cofferdam protect the work from floods. 


During the construction period flood did occur which overtopped the 
cofferdam but did not overtop the initial section the main rock fill and did 
damage. 

Fig. shows the grain size specified for the rock filter and sand filter 
and the actual grating these filters and the impervious earth. The coarse 
rock filter (3" 10") was used smooth the irregularities the dump 
rock fill. was dumped from the top the dam. The fine rock filter, the 
sand filter and impervious earth was placed one operation the same ele- 
vation. Approximately one foot thickness the filter layers migrated into 
the voids below during the placing operation. 

Impervious material was hauled the site trucks, spread bulldozers 
layers and compacted with sheep’s foot rollers. Care was exercised 
sure that core was placed less than the optimum water content. The 
operation equipment the impervious fill set the limit the maximum 
amount water permissible the core material. The surface the im- 
pervious fill was sloped all times that rain water would readily drain 
off the fill. The upstream filter and the upstream rock blanket are kept 
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FIG, DETAILS BEAR CREEK DAM 
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FIG, 25.—TYPICAL GRADING CURVES FOR EARTH AND 
FILTER MATERIALS FOR BEAR CREEK DAM 
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within few feet the top the impervious fill was placed. This pre- 
vented washing the impervious fill during heavy rains. 


Performance 


Bear Creek Dam was closed October 1953 and the reservoir was sub- 
stantially filled January 1954. Delay installation the hydroelectric 
unit made necessary use the spillway for several weeks discharging 
maximum 5,000 c.f.s. noted previously vertical settlement has been 
0.95 feet and the horizontal 0.54 feet. The rate settlement has decreased 
that very little settlement expected occur the future. The small 
settlement approximately one-half per cent the height the dam pri- 
marily due placing the basic rock fill one lift rather than several lifts, 
was done Nantahala: and very thorough job sluicing the rock fill 
was dumped. 

The rock the seal trench was reasonably impervious and only moder- 
ate amount grouting was done. attempt was made absolutely sure 
that water passed through the foundation. perfect job grouting would 
have cost more than was worth. The leakage 8.0 cubic feet per minute 
very small for dam this size and height. believed that all oc- 
curs through the foundation rather than through the impervious core. 

Since the reservoir filled November 1953 has been drawn down ap- 
proximately feet several occasions. Generally has operated within 
feet full. The leakage has remained relatively constant except during 
rainy weather when the water from substantial drainage area included 
the measured amount. maintenance any kind has been required. There 
reason believe that maintenance the dam will required the 
foreseeable future. 


Economy 


The actual cost the Bear Creek Dam including the spillway has been 
compared with the estimated cost the concrete gravity dam creating 
reservoir the same size. rock fill dam cost less than one-third the 
estimated cost concrete gravity dam. 
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DISCUSSION 


TORALD MUNDAL, author points out that the design 
rockfill dam with sloping earth core quite simple. The main rock fill sup- 
porting the core and the waterload will provide ample factors safety 
dumped the natural angle repose. This has been verified laboratory 
experiments carried out the University California for International Engi- 
neering Company. was concluded from these experiments that triangular 
rock fill has large factor safety against shearing failure when the fluid 
pressure applied the upstream sloping face the fill. 

Model tests were subsequently carried out the same laboratory in- 
vestigate the earthquake resistance rockfill dams. was concluded from 
these experiments that rockfill dams with clay core are inherently very re- 
sistant earthquakes. was also indicated that the sloping core type 
somewhat more earthquake resistant than the central core type because its 
greater rigidity. 

The general stability sloping core rockfill dam ordinarily not 
questioned, but there are details both design and construction which require 
very careful consideration and treatment. appreciable settlement can not 
avoided dumped rockfill. order avoid damage the core, large 
abrupt differential must prevented. The materials going into 
the main rock fill should, therefore, have uniform settlement characteristics 
and extensive pockets inferior materials, particularly concentrations 
fine fragments, should not allowed. 

The contact between clay core and abutments requires special care. The 
abutments should shaped such way that the change the amount 
settlement gradual. Close control construction operations, personnel 
experienced this type work, can not over emphasized. 

The author, who originated large sloping clay core rockfill dams, has in- 
corporated the Bear Creek Dam the improvements gained his later ex- 
tensive experience with this type dams. This dam excellent example 
obtaining maximum economy close coordination design with con- 
struction methods. When these principles are adhered to, sloping core 
rockfill dam suitable site will compare favorably costwise with other 
types. 


and Chf. Engr., International Engineering Co., San Francisco, 

“Earthquake Resistance Rockfill Dams,” Roy Clough and David 
Pirtz, Transactions, ASCE, Vol. 123, 1958, pp. 792-816. 
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JOHN LOWE, ASCE.—The design and construction principles pre- 
sented Mr. Growdon, based his experience with six sloping core rockfill 
dams, provide valuable information engineers concerned with this type 
dam. The steep slopes used are particularly impressive. 

discussion has been prepared which briefly outlines the design the 
Hirfanli Dam Turkey and the Binga Dam the Philippines, both which 
are the sloping core rockfilltype. Inboth, rolled rockfill was used immedi- 
ately downstream the impervious core instead the dumped rockfill used 
the six dams described the author. Information these two dams 
given with the idea that may valuable data presented dams 
with sloping earth cores. 


HIRFANLI DAM 


The Hirfanli project provides power, flood control, and irrigation benefits. 
The project consists rockfill dam, ungated spillway, vertical tower intake, 
power tunnels, penstocks, and powerhouse. The site located the Kizil 
Irmak River, approximately airline kms southeast Ankara, 

The layout the dam and appurtenant shown height 
the dam and its crest length 364 The spillway has concrete 
ogee weir with crest length 108 located cut the right abutment. 
Two short power tunnels pass through the right abutment; portions these 
together with low level extension were usedfor diversion. Three 46,000 kva 
generators, each with Francis turbines prime movers, are housed the 
reinforced concrete powerhouse located the toe the dam. Provision has 
been made for future installation fourth unit. 

The thickness the alluvial overburden the riverbed varied from about 
2.5 Generally, sound gabbro bedrock was found below the alluvium, 
except for one region the axis the dam where thick zone 
weathered material existed below the overburden. shallow cover weath- 
ered gabbro existed the abutments and sound gabbro with depth. 

Materials available for embankment construction were sound highly 
weathered gabbro from spillway excavation, and sandy, clayey silt from borrow 
the flood plain upstream the dam. 

The sound gabbro found the spillway excavation was hard and dense and 
had specific gravity exceeding 3.10. This used the downstream 


Assoc, Partner, Tippetts-Abbett-McCarthy-Stratton, New York, 
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FIG, 26.—PLAN HIRFANLI DAM 
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shell the dam sluiced dumped sound rockfill. Much the excavated 
gabbro was disintegrated weathered. The weathered gabbro was used 
rolled fill the center section the dam immediately downstream the 
core. Free draining, coarser, disintegrated gabbro, with little fines, 
was used the rolled upstream shell the dam. 

Insufficient quantities natural sand and gravelwere available for filters. 
For this reason sound unweathered gabbro, excavated selective digging 
the spillway cut, was used. 

The design the embankment was influenced the available quantities 
each type rock and the order which these quantities became available 
during excavation. From preliminary excavation was estimated that ap- 
proximately one-third the total quantity the spillway excavation would 
consist sound rock. the design the embankment, therefore, the volume 
sound rock was kept toa minimum. the excavation proceeded, the design 
was adjusted the quantities material each type actually available, 
varying the line demarcation between the central weathered rock zone and 
the downstream sound rock zone. The quantities the structural excavation 
closely balanced the requirements the embankment. 

During the design stage both rockfilldam with vertical impervious core 
and one with sloping impervious core were However, the sloping 
core dam better fitted the topography and foundation conditions. central 
core dam were placed its core were located the same place the slop- 
ing core where the depth alluvium the river were least, much larger 
volume embankment would required due widening the valley up- 
stream. cross section the dam shown Fig. availability 
weathered gabbro permitted construction large rolled rockfill section 
immediately downstream sloping core. The use such section rolled 
fill minimizes settlement the core. is, therefore, considered several 
members the Board Consultants and the writer, requirement the 
design sloping core dam spite the fact that the author has had good 
success constructing sloping core dams without such feature. 

The volume the materials the embaakment follows: 


Sound rockfill 866,000 
Weathered gabbro 942,000 
Impervious core 122,000 
Filter material 99,000 
Impervious blanket 

(cofferdam) 5,000 


The stability the dam was analyzed for four possible conditions oper- 
ation, namely: immediately after construction; static pool various eleva- 
tions; effect earthquake with the reservoir critical pool elevation; and 
rapid drawdown from spillway design flood elevation (856.5 the invert 
elevation the power intake (818.0 m). 

The condition rapid drawdown was analyzed using new modification 
the Modified Method Slices.6 The new method considers the effect aniso- 
tropic consolidation shear strength. Application the new method 
Hirfanli Dam The shear strength 


Calvin Davis, ed, (second edition), John Wiley Sons, 1952, 

“Stability Earth Dams Upon Drawdown,” John Lowe, III and Leslie Karafiath, 
First Panamerican and Mexico City, Mexico, 
September, 
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for anisotropic consolidation condition for Hirfanli Dam has also been de- 
scribed elsewhere. 

Foundation treatment consisted grout curtain and drain holes, The 
depth grout curtain equal approximately one-third the height the 
dam. shallow grout platform was provided under the full width the core 
assure good contact between the core and the curtain. Vertical drain holes 
were placed the downstream one-quarter point the dam relieve possi- 
ble water pressures the downstream section the foundation. 

After construction was completed, crack developed along the crest be- 
tween downstream dumped sound rockfill and the filter. The crack attributed 
the dumped rockfill settling more than the rolled rockfill and not con- 
sidered serious. 

The crack similar those mentioned Mr. Growdon occurring 
Cedar Cliff and Bear Creek dams and attributed differential settlement. 
second possible cause for the cracks mentioned the author, however, 
that the upstream rockfill does not receive hydraulic pressure whereas the 
earth core behind does. Thus, the portion the embankment downstream 
the core, shifted downstream due pressure the core, but the 
upstream rockfill did not. The curvature the dams also contributed the 
upstream shell not following the horizontal movement the remainder the 
dam. 

Acknowledgments Dam was designed Tippetts- Abbett-McCar- 
thy-Stratton for the General Directorate State Hydraulic Works the 
Turkish Government. was constructed George Wimpey Co., Ltd., and 
the English Electric Co., Ltd., under supervision the designer and the 
Turkish Government. Mr. Growdon, Arthur Casagrande, Hibbert Hill, and 
Friedrich Tolke composed the Board Consultants. 


BINGA DAM 


The Binga Project integral part the planned development the 
Agno River Luzon, Republic the Philippines. operated conjunction 
with the Ambuklao Reservoir upstream obtain the optimum output for both 
power plants. Whereas the Ambuklao Dam has relatively large storage 
reservoir, the Binga Dam has small reservoir limited primarily regu- 
lation the releases from Ambuklao. The Binga Dam project primarily 
power project and develops gross head 154 with installed capacity 
100,000 kw. The project consists rockfill dam, two diversion tunnels, 
gated spillway, power intake and pressure tunnel, underground power- 
house, and tailrace tunnel. 

The height the dam mwith crest length 210 Two horseshoe 
shaped diversion tunnels, 7.6 diameter, are driven through the left abut- 
ment. The spillway located deep side hill cut the left abutment, 
has six tainter gates each 12.5 wide 12.0 high and can pass maxi- 
mum flood 10,000 cms. The power intake the right abutment; pres- 
sure tunnel 800 long and diameter leads the surge tank and steel 
lined penstock shafts. diameter tailrace tunnel, 2,000 long, returns 
the water from the underground powerhouse the river. The general layout 
dam and vicinity shown Fig. 28. 


“Effect Anisotropic Undrained Shear Strength Compacted 
Clays,” John Lowe, III and Leslie Karafiath, ASCE Research Conf, Shear Strength 
Cohesive Soiis, Boulder, Colorado, June, 
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The dam was built during two construction seasons which run from January 
through June. During the first construction season was proposed that 
cofferdam placed, the river diverted through the tunnels, and the dam con- 
structed El. 569. Four methods controlling floods between construction 
seasons were available this plan: the two diversion tunnels; storage 
Binga Reservoir El. 569; storage above Ambuklao spillway crest; and use 
the unfinished Binga Spillway excavated El. 557. 

Originally the formations the site were lava flows, volcanic ash, and 
water-deposited sediments laid down Tertiary time. Subsequently these 
rocks were metamorphosed with heat, pressure, that the original 
structure the rocks was generally not discernable except the left abut- 
ment where the stratifications the rocks could seen dipping upstream. 
Many fractures and faults resulted from the folding. The metamorphic series 
was then subjected the injection molten diorite and other igneous rocks. 
These injections appeared dikes and widely distributed veinlets the 
fractures. The faults the proposed dam site were minor and generally oc- 
curred before the injection the igneous rocks. There was indication 
movement them. 

Weathering the rocks the site was generally deep but did not extend 
below ground water table. Weathering was greater the right abutment than 
the left because set minor faults running intersected set running 
that area. higher elevations there was present both abutments 
residual soil resulting from disintegration and decomposition the parent 
rocks. Because the tropical climate these soils contained preponderance 
iron oxides due leaching out silica. Between the residual soil cover 
and unweathered rock transition zone broken soft rock existed. The un- 
weathered rock was hard but brittle and generally broken, varied from being 
highly broken rock occasional relatively sound massive rock depth. 

Only small amount sound and massive rock was present. The rock 
was exposed the river valley and much the left abutment. The upper 
part the left abutment and right abutment had only thin mantle 
overburden soil and transitional soft rock overlying the hard, but brittle 
and broken, bed rock. the fault areas the rock was much more broken than 
between the faults. minimize grouting problems the impervious core 
was designed contact the foundation between faults. 

the spillway excavation the major material produced was hard, but 
broken, rock suitable for rockfill. About 80% the material was less than 
the size and was fairly well graded. was suitable for placement 
rolled rockfill layers provided the plus materiai was raked 
out. The raked out material was suitable for dumped rockfill. small per- 
centage the excavation was sound relatively massive rock and this rock 
produced material directly suitable for sluiced dumped rockfill. 

deposit sand and gravel was found terrace near the dam site and 
was suitable for filters either side the impervious core the dam. The 
material was well graded and compacted well. 

The spillway excavation produced two materials which were suitable for 
the impervious core, namely the soil upper elevations and this 
same soil cover some the disintegrated rock that occurred below 
it. The mixture was the better material since had somewhat higher shear 
strength. Stockpiling this material would have been necessary, however, 
and inorder avoid wetting the stockpiled material during the rainy season, 
was decided borrow the core from area the vicinity 
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the power intake. The core material borrowed from this area consisted 
disintegrated metamorphic rocks. 

The scheme diversion proposed consisted diverting the river through 
two horseshoe shaped tunnels and constructing the dam El. 569 during the 
first dry season. This height pool developed sufficient capacity the two 
diversion tunnels and the incompleted spillway handle one thirty year 
flood. The type stage construction which involved minimum volume was 
rockfill section with angle repose slopes upstream and downstream 
1.4. order stable with pool El. 569 and upon drawdown after 
flood, the rockfill cross-section was constructed particular For 
stability under full pool, the permeability the upstream portion the rock 
had less than that the downstream this were not so, the 
force water seeping through the dam would have caused stability failure 
downstream. The majority the rock from the spillway excavation was 
placed rolled rockfill and this basis the upstream face the first stage 
construction was made wide zone finer size rolled rockfill, the mid- 
dle part coarser sized rolled rockfill, and the downstream third large 
sound rock sizes suitable for dumped rockfill. 


During the second construction season the sloping core was continued 
top the upstream face the rockfill resulting from the first stage con- 
struction and upstream rock shell was placed cover the sloping core. 
Since the rock dips upstream direction, according exposures the 
left abutment, the sloping core had the additional advantage tying better 
the foundation than vertical core. The horizontal thickness the imper- 
vious core spillway crest level was and valley bottom This 
thickness core resulted hydraulic gradient for reservoir 
normal pool level. cross section the dam shown 

Filters were placed between the downstream rockfill and the core and 
between the core and upstream rock shell. This material consisted sand 
and gravel from the terrace near the dam site. Construction the upstream 
rock shell was accomplished manner similar that used for the down- 
stream rock shell with the finer rolled rock placed adjacent the filter layer 
the upstream side the impervious core. The filter layer downstream 
the core was lanes (7.5 wide and the upstream lanes (5.0 wide, both 
the crest the first stage construction. 

The slope the downstream face the dam was the angle repose 
dumped rock which was 1.4. The slope the upstream face below El. 
563 was 2.5. Above El. 563 center core rockfill dam section with 
upstream slope 1.4 was used. 

The dam was cambered from El. 584 the abutments El. 586 the 
midpoint its length. The axis thedam was curved upstream that under 
water load the rockfill downstream the core tended wedge between the 
valley walls due slight arch The curvature was such that the mid- 
point the curved axis was upstream the chord line drawn between 
the ends the dam crest elevation. 
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The method stability analysis for the Binga Dam was essentially the 
same that performed for the Hirfanli Dam. 

Grouting the foundation rock was required for tying the impervious core 
into the There was zone relatively unbroken impervious rock 
which the grout curtain could tied, the minimum depth grouting 
the valley was penetration 1/2 the head developed under the maximum 
normal reservoir level but not less than order tie the grout curtain 
the impervious core, the foundation the core was either excavated 
groutable rock and impervious platform grouting this area using 
deep grout holes, thick concrete mat was provided, Where open 
seams appeared the surface they were concrete from the surface. 
The row deep grout holes for the grout curtain were grouted the plat- 
form and the core placed tight against the platform. 

Acknowledgments.—The owner the project the National Power Cor- 
poration the Philippines. Tippetts- Abbett-McCarthy-Stratton together with 
the Engineering and Development Co. the Philippines were consultants 
the Corporation during design and construction. Construction was the 
Philippine Engineering Syndicate Inc. 


JAMES ASCE.—It has been properly pointed out Mr. 
Mundal that arockfill dam require considerable care during 
construction. His comments are worth considerable emphasis. 


Mr. Lowe’s discussion brief description the design and 
construction two sloping earth core rockfill dams. 


The optimum dam design and construction build structure which 
safe against all the forces nature which tend destroy it, and the least 
cost. accomplish this necessary use correctly materials most 
readily available. 

dumped rockfill requires sound large rock that the voids the fill 
can absorb the fines which always accompany quarry 

The required excavation for the projects described Mr. Lowe produced 
some rock suitable for dumped rockfill and some rock which was unsuitable 
because the small sizes and excess fines. The rock unsuitable for dumped 
rockfill was entirely suitable for compacted rockfill. The dumped rockfill 
and the compacted rockfill can interleaved without the necessity deter- 
mining advance the exact quantities each class material which will 
available. 

Mr. Lowe’s discussion illustrates the flexibility the sloping earth core 
rockfill type the hands skillful designer. Mr. Lowe’s discussion has 
added materially the usefulness the writer’s paper. 


Consultant, Aluminum America, Pittsburgh, Pa. 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


TRANSACTIONS 


Paper No. 3070 


ROCKFILL 
PERFORMANCE SLOPING CORE DAMS 


With Discussion Messrs, Lawton; and James Growdon 


SYNOPSIS 


The design and construction seven dams briefly reviewed and per- 
formance discussed measured terms leakage, settlement, control and 
passage floods, operation, repairs and maintenance. Conclusion reached 
that sloping core rockfill dams far designed and constructed have per- 
formed entire satisfaction owners and operators. 


INTRODUCTION 


very brief description the design and construction these dams 
necessary preliminary report their performance. 

The basic structural element each these dams dumped rockfill 
with slopes the natural angle repose. The rock for two the dams 
sound, hard arkose. The rock used five the dams schist, somewhat 
softer than the all but one case the excavation spillway channel 
through abutment provided the material with which build the dam. 


Note.—Published essentially printed here, August, 1958, the Journal the 


Power Division, Proceedings Paper 1744, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication Transactions. 
Consultant, Aluminum Co, America, Pittsburgh, 
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impervious earth core the upstream slope the basic rockfill pro- 
vides watertight membrane. This core protected both sides grad- 
filter which prevent the migration the finer particles into the larger 
voids. The core protected from wave action and from sloughing into the 
reservoir rock blanket which free draining. 

The earth core direct contact with the rock the bottom and the 
abutments seal trench excavated sound rock and grouted. The thickness 
the earth core determined three factors: 


eliminate the leakage through the core acceptable amount (very 
small). 

permit placing with mechanical equipment. 

prevent rupture due possible differential settlement. 


The dams are curved upstream and are cambered that the center section 
the dam built higher elevation than the abutments. 

The spillway channel through the rock the abutment unlined. the 
Nantahala Dam the flood water flows down steep slope into the river bed 
well below the toe the dam. the other dams the unlined rock spillway 
channel ends one more cascades which return the flood water the 
original river channel quite close the toe the dam. The spillways are 
designed accordance with the TVA flood formula and will pass flood much 
larger than any flood which can reasonably expected ever occur. 

With two exceptions, the spillways are controlled Tainter gates with 
capacity equal the “Hundred Year” flood and fuse plugs for the re- 
mainder the spillway designed flood. These fuse plugs are small sloping 
core rockfill dams which will wash out sections when overtopped. 


GENERAL DATA 


Nantahala Dam 


The Nantahala Dam the first dam this type constructed. (Figs. 
and located the Nantahala River western North Carolina. 


Drainage Area sq. miles 
Height 250 ft. 

Length 1042 ft. 

Total Volume 2,265,000 cu. yds. 

Useful Storage 126,000 ft. 


Queens Creek Dam 


The Queens Creek the second the sloping core rockfill dams 
constructed Alcoa. (Figs. and located Queens Creek 
western North Carolina, close the Nantahala Powerhouse. 


Drainage Area 3.6 sq. miles 
Height 
Length 

Total Volume 89,000 cu. yds. 
Useful Storage 490 ac. ft. 


This dam was built the alluvial material filling the creek valley. 
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FIG, 3.—QUEENS CREEK DAM, RESERVOIR FILLED 
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Cedar Cliff 


Cedar Cliff the third these dams and located the east fork 
the Tuckasegee River western North Carolina. (Figs. and 


Drainage Area 80.7 sq. miles 

Height 

Length 

Total Volume 686,000 cu. yds. 

Useful Storage ft. 
Bear Creek 


Bear Creek the fourth sloping core rockfill dam built Alcoa. (Figs. 
and located the east fork the Tuckasegee River western 
North Carolina, the upper end the Cedar Cliff reservoir. 


Drainage Area 75.3 sq. miles 

Height 

Length 

Total Volume 1,085,000 cu. yds. 

Useful Storage 4,536 ac. ft. 
Wolf Creek 


Wolf Creek Dam located Wolf Creek tributary the east fork 
the Tuckasegee River western North Carolina. (Figs. and 10) 


Drainage Area 15.2 sq. miles 
Height 
Length 

Total Volume 731,000 cu. yds. 
Useful Storage 7,640 ac. ft. 


East Fork Dam 


This dam tributary the east fork the Tuckasegee River 
western North Carolina. (Figs. and 12) 


Drainage Area 24.9 sq. miles 
Height 
Length 

Total Volume 195,000 cu. yds. 
Useful Storage 1,250 ac. ft. 


N.B. The Wolf Creek and East Fork Reservoirs are hydraulically connected 


Chilhowee Dam 


This the latest dam constructed Alcoa. consists concrete 
gravity spillway and intake with sloping core rockfill abutments. (Figs. 13, 
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FIG, CLIFF DAM, GENERAL VIEW 
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and 16) located the Little Tennessee River eastern Tennessee. 


Drainage Area 1,977 sq. miles 
Height ft. 

Length rockfill sections 655 ft. 

Total Volume 353,000 cu. yds. 
Useful Storage 6,805 ft. 

Six Tainter Gates have discharge capacity 230,000 c.f.s. 
with ft. surcharge. 


PERFORMANCE 


The performance dam may measured terms leakage, settle- 
ment, control and passage floods, operation, repairs and maintenance. 


Nantahala 


Diversion closed February, 1942—Reservoir filled July, 1942. The reser- 
voir has been substantially emptied and filled each year. 

weir was constructed downstream from the dam measure leakage. 
The water measured included the runoff from acres drainage area and 


two small springs downstream from the grout curtain addition the 
leakage through the foundation and through the earth core. The water passing 
the weir was measured frequently until January 1950 which time the weir 
was rendered inoperative flood water discharge through the spillway. With 
full reservoir dry weather the water measured the weir amounted 
gallons per minute. During rains this increased much 135 gallons 
per minute. There evidence that the leakage past the dam has increased 
since the reservoir was first filled. believed that all the water which 
through the earth core evaporated before can measured and 
that all the measured water surface drainage, the flow the two small 
springs and the leakage through the foundation grout curtain. 

Since the dam was first closed the maximum settlement has been 2.85 ft. 
vertical and 1.53 ft. horizontal. The settlement has been smooth curve from 
the abutments the highest section the dam. There has been measura- 
ble differential settlement. graph the settlement vs. time shows that the 


rate settlement has decreased that will soon too small measure. 
(Fig. 15) 
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FIG, FORK DAM, RESERVOIR PARTIALLY 
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three separate occasions flood water has passed through the spillway 
for periods several days each. Maximum discharge was 3,200 c.f.s. 
the lower end the spillway channel the water flowed down the steep slope 
the original stream bed and eroded all the loose material from this slope, 
was expected do. erosion occurred the unlined spillway channel. 

Spillway flow controlled four Tainter gates and short section 
fuse plug. One these gates automatically controlled float 
mechanism. 

Opening and closing the spillway gates and operation the gates control- 
ling the flow water into the conduit the turbine are the only operating 
procedures which have been required the Nantahala Dam. 

the sixteen years operation repairs whatever have been made 
the maintenance, whatever has been required and believed that 
maintenance except painting the spillway gates will required the fore- 
seeable future. 


Queen’s Creek 


Completed 1948, Reservoir filled 1948. Queen’s Creek Dam was 
built the alluvial material filling the creek bed. The seal trench was not 
excavated rock and only limited amount foundation grouting was done. 
All the water passing the dam believed leakage through the foundation. 
amounts gallons per minute with full reservoir. has not increased 
since the reservoir was first filled. 

Queen’s Creek Dam has rather thick impervious core made relatively 
poor material and only thin rock blanket upstream from the core. The 
upstream slope the dam horizontal vertical. The dam was 
part experiment determine the effect alluvial foundation and 
steep upstream slope. The small reservoir has been completely emptied 
several occasions rapidly was feasible so. sloughing the 
earth core has occurred under conditions rapid drawdown. The settlement 
the dam during nine years operation has been 0.28 feet vertical and 0.18 
feet horizontal. There has been differential settlement. 

The spillway consists unlined rock channel through the left abutment 
ending cascade short distance below the toe the dam. This spillway 
channel has capacity 14,000 c.f.s. and closed two fuse plugs which 
will wash out overtopped. conduit under the dam takes water the pipe 
line leading the turbine and also valve having flood discharge ca- 
pacity 100 c.f.s. The flood discharge conduit has been used several times. 
The spillway has not been used. 

The only operation required the Queen’s Creek Dam has been open 
the flood discharge valve during very heavy rains. 

The only repair work necessary Queen’s Creek Dam was performed 
the concrete conduit just above the flood discharge valve where crack de- 
veloped. This crack was sealed and the conduit now operating 
satisfactorily. 
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FIG, 16.—CHILHOWEE DAM, PLACING FILTER MATERIAL 


other maintenance has been required and the only maintenance which 


can foreseen replacing the fuse plugs and when they are washed out 
especially large floods. 


Cedar Cliff 


Completed August, 1952. Reservoir filled shortly thereafter. The foun- 
dation and abutments the Cedar Cliff Dam appeared quite tight and 
only small amount grouting the seal trench was done reduce con- 
struction costs. The leakage measured immediately below the dam was 
gallons per minute with the reservoir filled and dry weather. has not in- 
creased since the reservoir was filled. believed that all the measured 
leakage comes through the foundation. 

Soon after Cedar Cliff Dam was completed, crack developed along the 
crest between the upstream rock blanket and the impervious core. The reser- 
voir was later completely emptied rapid rate and the entire dam examined 
for sloughing for areas distress. areas sloughing distress 
were found exist. The crack believed result not sluicing the 
upstream rock blanket and thereby not obtaining rock rock contact through- 
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out the blanket. The dam performance date has been completely satis- 
factory. Settlement during five and one-half years operation has been 1.08 
feet vertical and 0.26 feet horizontal. 

Several floods have passed through the gated spillway channel and over the 
cascade the river channel close the downstream toe the dam. The 
cascade has operated perfectly absorb the energy the falling water with 
some small enlargement the area the bottom the cascade. flood 
excess the gate capacity has far occurred and the fuse plugs have not 
been washed out. 

The flood gate automatically float controlled. Operation has been limit- 
the discharge trash through the flood gates. 

The dam has not required any repairs. 

maintenance has far been required and none foreseen except the 
replacement section fuse plugs should washed out. 


Bear Creek 


Completed October, 1953. Reservoir filled some three months later. 

Only limited amount grouting was done the seal trench. Leakage 
past the dam with the reservoir filled and dry weather has been consistently 
gallons per minute. believed that all the measured water passes 
through the foundation. The rate leakage has not changed since the reser- 
voir was filled. 

The Bear Creek Dam was placed one high lift except for the top feet. 
The main rock fill was heavily sluiced but the upstream rock blanket was not 
sluiced all. Cedar crack developed along the crest between 
the upstream rock blanket and the impervious earth core. Experience 
Cedar Cliff and the performance Bear Creek Dam have shown that this 
crack way affects the operation the dam. The maximum settlement 
has been 0.95 feet vertical and 0.54 feet horizontal. The reservoir has been 
drawn down several occasions but has normally operated within few feet 
full. 


The Bear Creek spillway unlined channel the rock the right 
abutment. controlled one float operated automatic Tainter Gate with 
“Hundred Year Flood” capacity and series fuse plugs with spillway 
design flood capacity. terminates series three cascades cut the 
rock which returns the flood water the river bed. The spillway has been 
used several times; once for considerable period with maximum discharge 
3,800 c.f.s. There has been erosion the spillway channel and en- 
largement the cascades. The fuse plugs have far remained place. 

The only operation required this dam the discharge trash through 
the spillway gate. 

repairs have been required. 

maintenance has been required and none foreseen the future except 


painting the spillway gate and replacing the section fuse plug should 
washed out. 


Wolf Creek Dam 


Completed May, filled shortly thereafter. 
The foundation Wolf Creek relatively less watertight than the foun- 
dation the dams previously constructed. Considerable grouting was re- 
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quired limit the loss water. The leakage measured below the dam with 
the reservoir full dry weather 110 gallons per minute. This relatively 
large leakage could have been reduced further grouting the seal trench. 
The leakage does not endanger the dam structurally and the cost the grout- 
ing required substantially reduce would have been more than the value 
the water saved. 

Settlement the Wolf Creek Dam since the reservoir was filled has been 
0.44 feet vertical and 0.28 feet horizontal. The settlement varies uniformly 
from the highest section the dam the abutments. There has been 
differential settlement. 

The Wolf Creek spillway unlined channel cut the rock the right 
abutment. The flow the spillway controlled one float operated Tainter 
Gate and two fuse plugs. The channel ends two cascades which returns the 
water the stream bed not far below the toe the dam. Several minor 
floods have passed through the spillway with erosion and damage. The 
fuse plugs have remained intact. 

The dam has not required any operation. 

repairs have been required. 

maintenance has been required. The only foreseeable maintenance 
painting the Tainter gate and replacing the fuse plug and when washed 
out. 


East Fork 


Completed May, 1955. The reservoir was filled shortly thereafter. 
The rock foundation for the East Fork Dam appeared relatively tight and 


only moderate amount grouting was done the seal trench. The leakage 
past the East Fork Dam with the reservoir filled dry weather gallons 
per minute all which believed through the foundation. 

The settlement the East Fork Dam has been 0.43 feet vertical and 0.16 
feet horizontal diminishing uniformly from the highest section the dam 
the abutments. There has been differential settlement. 

The East Fork spillway unlined channel the rock the right 
The flow the spillway controlled float operated automatic 
Tainter Gate and two fuse plugs. The spillway terminates cascade. 
Several small floods have passed through the spillway without damage. The 
fuse plugs have remained intact. 

operation has been required the dam. Some badly cracked rock 
the right abutment has been grouted after the dam was placed operation. 

maintenance has been required and none can foreseen except painting 
the Tainter Gate and replacing section fuse plug should washed 
out. 


Chilhowee 


Completed August, 1957. Reservoir filled shortly thereafter. 

The foundation the rockfill section Chilhowee Dam appeared 
quite tight. The seal trench was thoroughly grouted. leakage has been 
measured observed since the dam was placed operation. 

Settlement the rockfill section Chilhowee Dam has been 0.16 feet 
vertical and 0.12 feet horizontal. There has been differential settlement. 
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All the flood waters are passed through the concrete spillway section 
the dam and not affect the rockfill section. 

The rockfill section requires operation. 

The rockfill section has not required any repairs and maintenance. 
repairs maintenance can foreseen the future. 


CONCLUSIONS 


All the rockfill dams leak but only very small amount. The leakage 
does harm the structure and its economic value negligible. be- 
lieved that none the measured leakage passes through the earth core any 
the dams. 

All rockfill dams settle. Settlement Alcoa’s rockfill dams has been less 
than allowed for the design. The rate settlement decreases with time 
that the settlement will shortly become too small measure. (Fig. 15) 

While the service life these dams has been short, the spillways have 
handled all the floods without damage. The spillways are believed ample 
pass any flood which can reasonably expected occur without damage 
themselves the dam. The use one more cascades return the 
water from the spillway channel the stream bed very effective limiting 
the amount material moved the flood water. 

The dams themselves have required operation procedures except the 
handling trash through the sluice gates. The dams have required re- 
pairs maintenance nor can any foreseen the future except the mainte- 
nance required the sluice gates and the replacements fuse plug 
should washed out. 

One other important factor performance may well mentioned. The 
cost Alcoa’s rockfill dams has been much less than that any other type 
structure for these sites. The resulting low annual cost has been very 
satisfactory. 

The sloping core rockfill dams far designed and constructed Alcoa 
have performed the entire satisfaction their owners and operators. 
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DISCUSSION 


ASCE.--The author’s use fuse-plug fills con- 
nection with several developments embodying rockfill dams has doubt con- 
tributed materially the low development costs achieved. Could the author 
indicate the criteria used the design the fuse plugs? how much must 
fuse plug before will wash out? 


Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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The experience Cedar Cliff and Bear Creek Dams associated with the 
development crack along the crest between the upstream rock blanket and 
the impervious core interesting. Would the author care indicate whether, 
his opinion, this indication slippage the upstream rock blanket 
the underlying filter zone the filter zone the impervious core? 
believed these two are the only known instances such occurrence although 
they have been reported for number rockfill dams with central core 
earth supported heavy rock shoulders. 

The low capital and annual costs noted for the rockfill dams built under the 
author’s supervision considerable importance relatively inaccessible 
locations. 


Mr. Lawton, that there has been lateral movement the fillonthe abutments 
toward the maximum section any the dams referred the writer. 

Fuse plugs for the control seldom-used spillways should have pilot chan- 
nel which will wash out when overtopped (more less) water. The 
rest the fuse plug should never overtopped all; should wash out lat- 
erally rate predetermined the designer and constructed materials 
which will meet the designer’s specifications. 


Consultant, Aluminum America, Pittsburgh, 
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SYNOPSIS 


Site and materials data, design criteria, construction procedures and some 
performance records are presented this paper two zoned rock fill dams 
British Columbia. One founded rock and the second mud slide. 


INTRODUCTION 


Fill dams are the natural choice for first consideration hydraulic 
engineers British Columbia when required design impounding struc- 
ture and the several types, rockfills are preferred because rock almost 
always available ample quantities, whereas the fine grained sediments re- 
quired for earth even thick core dam are quite often short supply. 
The geology the stream valleys particular featured the effects 
repeated, long term and intense glaciation, which now appear extensive 
filling plugging the ancient channels drift and till. With few exceptions 
the modern all-rock dam sites are associated with plugs high and resistant 
divert the streams permanently over rock through which they have 
eroded canyons post glacial times. Kenney Dam site this type, while 
Cheakamus Dam rests unconsolidated valley fills. 


Note.—Published essentially printed here, June, 1958, the Journal the 
Power Division, Proceedings Paper Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 


Richland, Wash., Formerly Engr., Vancouver, 
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The criteria for rock fill dam appear amply satisfied Kenney, 
but Cheakamus calls into play definitions the term. 

The editors Engineering News Record the issue October 24, 1957 
proposed define rock fill dam one made more than fifty percent 
rock. However, Mr. Alin, letter appearing that publication 
November 28, 1957, suggested the following: rock fill dam type 
dam which, for its stability, depends loosely dumped rock.” appears 
that any definition must broad and relatively loose and should establish 
the nature rock, well the manner use and the purpose served. 
fill coarse gravel would built the same manner and have all the 
qualities and characteristics dumped rock fill but should probably not 
designated those terms. Mr. Alin’s definition narrowed adding the 
words quarry shapes and sizes” then both convenient and ac- 
curate classify Cheakamus rock fill dam. 

Vogues schools evident the history the engineering construc- 
tion art also manifested themselves British Columbia, except that dam 
construction larger scale began there when concrete was preferred 
medium. Consequently the current success rock fills that area en- 
tirely post war development, and based the following economic factors: 


Utilization more remote sites for storage and power development 
which involve longer supply lines and transport costs elements 
total construction cost. With rock available locally, capital cost be- 
comes less than for equivalent concrete dam. 


Great improvements quarrying equipment and techniques, and the 
steady growth heavy excavation and haulage units. 


Practical elimination maintenance expense during operating life 
the dam, which increasingly important element cost, generally 
accentuated mountainous locations difficulties access and more 
severe weathering action high altitudes. 


many cases, rock-fill dams can built the natural river bed 
materials often found topographically favourable dam sites, be- 
cause high velocity stream flows have carred away the fines and re- 
worked the coarser particles into the equivalent first quality 
dumped rock fill. 


addition the several cost advantages offered rock fill construction 
certain locations, these embankments provide desirable inherent toughness 
and reliability. They have the capacity self healing under shock from 
earthquake bombing attack, and are able pass large amount 
leakage without danger failure even permanent damage. This iatter 
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feature dumped rock embankments suggests the concept rock fill dams 
the ultimate development rock gravel toe drains commonly incor- 
porated earth dams. 


Performance Kenney Dam 


Kenney Dam, located the central part British Columbia the 
Nechako River and containing total about four million cubic yards all 
materials, was installed impound about twenty million acre feet water 
for the Kemano power plant the Aluminum Company Canada (Alcan) 

Development. Reservoir flood spillway and power intake are remote 
from the dam which has hydraulic height about 275 feet top reservoir 
elevation 2800, and total height 325 feet above the low point the founda- 
tion. 

The section the sloping core type with finished upstream slope 
2.5:1 and average downstream slope 1.75:1. Width crest feet and 
minimum freeboard above full reservoir feet. Length the dam the 
top approximately 1600 feet, arched upstream direction radius 
5729 feet, curve). 


Site 


The damsite post glacial channel eroded the Nechako River 
through series basalt flows dipping about downstream direction 
and forming the upper end the Grand Canyon the Nechako. this point 
the river which carried discharges ranging between 1500 and 30,000 cusecs, 
flowed steep walled canyon about feet deep gradient approximating 
3%. Above the rim this rock canyon the sides the valley were burdened 
with varying depths glacial till eroded slopes about 35°. 


Design 


The adopted design closely followed that developed for the Nantahala Dam 
the Aluminum Company America, except for the flattening the down- 
stream slope add safety the event earthquake shocks. The general 
principles this design are provide supporting member dumped rock, 
graded filter the upstream slope the rock section, rolled fill sloping 
core, superimposed filter sand protected turn pitrun gravel and 
upstream surface layer quarry run rock absorb wave action. Kenney, 
the upstream cofferdam was incorporated the blanket covering the rolled 
fill core. Abutment contacts downstream the blanket were everywhere 
stripped rock, but the boulder-gravel deposit the original river bottom 
downstream the core and filter contacts was accepted foundation for 
the dumped rockfill. Plan and typical section are shown Fig. 


Construction Materials 


Rock fill was obtained from strata massive basalt the left abutment, 
also most the 10'' downstream filter zone was produced crushing 
and screening reject from the quarry. Scattered deposits alluvial origin 
and mostly the right bank supplied all sands, some filter gravel screen- 
ing, and the pitrun fill overlying the core. These natural sands and gravels 
were poorly graded and relatively small pockets which led regular 
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program exploration and pit development order maintaim production, 
and eventually the haul distance from pits was excess two miles. Im- 
pervious fill material was borrowed from large deposit boulder till 
the right bank and about mile downstream from the dam axis. explored 
pattern augur holes feet depth and several test pits, this till 
average approximately 10% clay sizes and contained about water. 


Construction 


The Nechako River was diverted around the left abutment through foot 
horseshoe tunnel about 1500 feet long, upstream cofferdam 
feet high. When unwatered, the river bed proved maze rock 
pinnacles, deep holes, and scour channels. The core contact area the 
abutments was trimmed slopes not steeper than 1.5:1, gunited seal the 
surface the vesicular lava and broken basalt, and grout cutoff was con- 
structed drilling through the gunite seal coat. some points, concrete 
was used build out re-entrant steps the core contact area. The gunite 
seal coat proved capable withstanding shallow consolidation grouting pres- 
sures about p.s.i. and forced some horizontal distribution the grout. 

foundation grout curtain located the center line the core contact 
area was completed drilling about 75,000 linear feet holes which took 
total 48,000 bags cement pressures 200 p.s.i. Depths holes 
the sequence were respectively 30', 75' and 150'. Downstream the 
core contact, the abutment rock was trimmed 1:1 slope far the axis 
the dam, thence warped back natural slopes within the limits rock fill 
contact. 

base for the impervious core was constructed concrete, filling the 
extremely irregular rock surface the river bed and finished level sur- 
face about 80' wide and 100' long El. 2520 which the first the clay 
fill was compacted. 

produce rock fill material, face about 1500 feet long was developed 
benches coyote hole quarrying, requiring slightly less than average 
one pound blasting powder per cubic yard broken. Despite very favourable 
cores from exploratory drilling the basalt deposits, unexpected amount 
residual clay and fines were produced each blast, which required selec- 
tive loading the product the quarry and constant attention allocation 
the loads. When the fines content load exceeded 15% volume, was 
dumped down high face, with resultant segregation part the rock con- 
tent which was then reclaimed along the toe this slope. Other loads con- 
sidered unsuitable for the main fill were put through crushing plant and 
screened produce the coarser filter sizes. All except the upper portion 
the rockfill was built out from the left abutment lifts approximately feet 
high, with each load sluiced down the slope from the top the lift skid 
mounted monitors delivering about two parts water one part rock. 
Most the sluicing water was reclaimed large sumps just inside the 
downstream cofferdam and pumped back through the monitors. 


Filters 


The three filter zones downstream the core were placed truck 
lifts, watered and compacted caterpillar tread tractors except that 
the sand zone for 100' from each abutment was spread thinner layers and 
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given extra compaction. The zones were brought steps, each about five 
feet higher than the adjacent upstream zone. Two patches fourth filter 
sizes were placed above the principal break the rock 
abutments trimmed, increase the safety factor during settlement the 
completed embankment. large portion the screened and stockpiled sand 
for the fine filter zone contained much silt that when moistened layers 
the dam, became somewhat plastic and was insufficiently free draining; 
consequently that fraction which contained more than about silt had 
washed before hauling the embankment. 


Impervious 


The boulder clay used for the sloping core impervious diaphragm was 
first broken with rippers about 30'' depth, then moistened the pit 
dozer equipped with raker teeth and hauling tank wagon, feeding water 
the point each rake tooth. This irrigation plus dozer harrowing distributed 
the water through the loosened till, which was then allowed temper for 
severai days before loading into pushed scrapers for transport the dam, 
where was placed inch lifts, and compacted passes sheeps- 
foot rollers 95% Standard Proctor density. Despite the processing 
the pit, some hand picking oversize (6'') rock was required after spread- 
ing the embankment. Except contact with the abutments, the core was 
placed the dry side optimum, that is, about 12% moisture weight, 
which gave compacted dry weight averaging 110 lbs, per cu. ft. base 
and abutment contacts water content was somewhat increased, rocks larger 
than 2'' were removed, and compaction was accomplished pneumatic 
tampers. 

The pitrun sand and gravel overlying the upper sand filter was placed with 
inter-bedded pervious zones assure freer drainage under drawdown condi- 
tions. should noted, however, that drawdown from full reservoir level 
will probably never exceed feet. 

The dam proper was built the relatively few months between May and 
November 1952, peak rates 50,000 cu. yds. place measure all classes 
per day two shifts. Reference made Jomini’s article the Engi- 
neering Journal, November 1954 for additional details construction. 

Two sets strain measurement points were embedded about 4.0' below 
the surface the fill and spacings 100' along the base line. The series 
monuments near the top the core initially were vertical camber 
curve 3.5' middle ordinate. The second set monuments along the 
upper berm the rock fill were initially horizontal plane 
about 36' below the crest monuments. 


Performance 


The time rate hydrostatic loading Kenney Dam shown Fig. start- 
ing October 1952 and reaching full reservoir elevation 2800 early 1957. 
Although the site presented the possibility leakage through the abutments 
along contacts between successive lava flows beyond the limits the founda- 
tion grout curtain, seepage has been detected coming from the abutments 
through the embankment proper. The vertical settlement and horizontal 
movement both downstream and longitudinally each the two sets 
monuments have been measured six times since December 1952, most re- 
cently July 1957. The direction and magnitude these deflections 
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movements are illustrated Fig. representing data obtained through the 
courtesy Power Operations Division Alcan, 
The graphs were plotted using only the vertical and downstream displace- 
ments crest monuments #6, and recording for the central 300' dam 
length and averaged smooth out any effects probable errors surveying 
and possible other localized movements. After the first eleven months, the 
approach the graphs the horizontal quite noticeable but increased 
divergence was reported for the year 1956 1957. Theoretically, this angle 
should decrease near zero another decade. The largest vertical settle- 
ments, which have occurred near the maximum section the dam, are ap- 
proximately 1.5 feet 30% the vertical camber provided that point. 
While the vertical and downstream offset movements conform expec- 
tations, the observed lateral cross-valley displacements the plates are 
inconsistent with theory, even after making all reasonable allowance for pos- 
sible errors measurement. The center point fill symmetrical 
valley should hold its original cross-valley position with reference fixed 
points the ends the dam, during vertical and downstream displacements, 
likewise intermediate points compressive tensile strains are uniformly 
distributed. Kenney Dam both the crest and along the berm, the total 
lateral movement date approximates the center reducing about 
near the left abutment, and consistently towards that end the dam. 
Consequently, particle has moved vertically downwards, horizontally 
downstream, and laterally towards the left abutment, hence the resultant path 
could represented the diagonal parallelopiped. 
maintenance work any kind has been required date and none 
likely necessary the foreseeable future. 


Cheakamus Dam 


The Cheakamus Dam completed 1957 located the Cheakamus River, 
about miles north the head Howe Sound British Columbia, part 


the 190,000 HP, 1125' head Cheakamus Development Electric 
Company Ltd. The structure has maximum height feet above founda- 
tion and will impound about 40,000 acre feet for release through tunnel in- 

take nearly one mile distant. The right abutment the embankment 


combination gravity concrete diversion and spillway structure for discharg- 
ing about 45,000 cusecs maximum. 


Site 


The normally complex geology the area this instance further com- 
plicated large mud landslide which originated flank Mount 
Garibaldi about 100 years ago and stopped flattened cone fan damming 
the Cheakamus River form Stillwater Lake. The conditions imposed 
this event became the dominant feature the engineering and construction 
Cheakamus Dam. 

The slide followed the valley Rubble Creek which was then probably 
rock canyon, and overfilled the alluvial and bedrock channel the post 
glacial Cheakamus River. The foundation the dam, therefore, succes- 
sion upwards extremely broken and irregular granite base, followed 
glacial and alluvial sand and gravel overlain varying depths the land- 
slide material which hereafter called Rubble Creek Wash. the eastern 
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portion the valley basalt contact with the granite base with mantle 
the granite. 

Drill holes showed wash material excess 200' thickness. The slide 
broke off large trees the living forest, enveloped the stumps and trunks 
and swept the tangle loose forest growth towards the terminal contacts 
with the western slopes the valley. Since the date the slide the river 
had cut down into the wash about 35' and lowered the lake level. 


Matters concern the investigation the site included the following 
possibilities: 


Under seepage through talus along the rock walls the earlier valley. 
Under seepage through the alluvium beneath the wash. 


Under seepage through zones between the granite and superposed 
basalt. 


Under seepage through fractures the granite. 


Under seepage through porous buried forest between the wash and 
alluvium. 


Deficiency strength and watertightness the Rubble Creek Wash 
itself. 


all, nearly 100 exploratory holes were drilled trace out the patterns 
the foundation and test pits were dug the wash, one depth feet. 


Design 


One the earlier axes investigated which incorporated outcrop 
basalt surrounded wash was eliminated because probable large talus 
accumulations imperfectly sealed landslide material. The site adopted 
just upstream the section where the river had cut the rock forming the 
indicated right wall the pre-slide channel. This placed the entire embank- 
ment Rubble Creek Wash except the right abutment contact with granite 
and the channel portion the rock fill. succession from the right end 
the left end the dam axis the drill holes showed thicknesses Rubble 
Creek Wash 0', 62', 15', 35', 54', 122', and 126'. 

This location utilized the upstream area the slide fan blanket, 
eliminated saddle dam, simplified stream diversion and reduced the overall 
length structures. site investigation progressed and the ground was 
opened for construction, questions water loss from the reservoir were 
resolved favorably. Several trenches were cut along the contact the wash 
with the right west wall rock the valley, and filled with water. The 
losses were small obviate special sealing treatment. Along the left 
side the reservoir, the wash extended over possible talus full reser- 
voir level, and sufficiently lengthened the path for seepage from farther up- 
stream. 

Adequacy cutoff this side was assured also the great depth 
consolidated wash the pre-slide river and extending well the 
Rubble Creek Valley. Similarly, any seepage paths through the alluvium 
were considered sufficiently lengthened this heavy blanket, which 
was found have settled into tight contact with standing tree trunks. 
Grouting and water tests showed that jointing the granite would introduce 
hazard. 
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Since the slide material would weak and unstable when again saturatea, 
flat slopes were selected, and the upstream toe the channel was buttressed 
additional fill and the cofferdam. 

The design the dam includes downstream supporting element dumped 
rock with the center this rockfill bearing ledge exposed the natural 
streambed. Upstream the rockfill and three filter zones, the impervious 
member made Rubble Creek Wash founded the same material 
present the streambed and left abutment, and the old granite the right 
abutment. This section was finished 4:1 slope down el. 1190 then car- 
ried level about 200 feet contact with the upstream cofferdam. Depth the 
slide material the upstream end the impervious section excess 
200 feet. The dam was overbuilt crest camber maximum al- 
lowance for settlement. 

The rock section was given average downstream slope 1.6:1 and 
underlain sand and gravel filters and system tile drains. The filters 
provide against the migration fines from foundation wash along contacts 
between wash and ledge rock. Seepage collected the system under drains 
trapped behind small impervious dike the toe the maximum rock 
section and discharged through gauge house equipped with measuring weir. 
Because the possibility leaks through the shattered granite below the 
mudslide material and earlier overburden, permanent drainage wells were 
installed two points for observation and measurement. plan view and 
maximum section are shown Figure 
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Construction Materials 


Rock fill was obtained from stripping the river bed, excavations for diver- 
sion channel and concrete structures, oversize rock from grizzly screening 
Rubble Creek Wash and from talus accumulations along the valley wall. 
Sand and gravel for filter layers was produced screening river deposits, 
while the “quarry run” 4'' maximum size rock for blanket was selected 
from spoil piles the site the east portal the power tunnel. The 
Rubble Creek Wash material for the impervious zones was shovel excavated 
and trucked from pits near the south end the dam, which yielded typical 
slide mixture sand, silts, very small amount clay and many small 
large sub-angular rocks representative the Garibaldi Mountain extrusives. 
The natural water content this mixture was just above optimum and the 
permeability coefficient 10-3 10-4 per second. 


Construction 


After excavation diversion channel through the rock the right abut- 
ment and completion upstream cofferdam rock and Rubble Creek 
Wash, the foundation area the dam was prepared stripping the surface 
fresh unweathered wash where this material would become the foundation, 
removal loosened rocks and exposed concentrations rock and compac- 
tion loaded scrapers. Rock along the right abutment and the river bed 
was stripped clean and areas contact with the impervious zone were 
gunited fillet the re-entrant corners and otherwise smooth the surface. 
addition curtain pressure grouting was extended from the gravity con- 
crete sections the dam upstream parallel the diversion channel cut. 

Springs the foundation area the impervious zone were piped sumps 
extended upwards with the embankment and finally backfilled with selected 
soil through which the pipes were plugged pressure grouting. Similar 
springs the rock fill area were confined dikes and piped permanently 
tile line graded filter gage box the downstream toe. 

the area the dam, contact zones between bedrock and wash were 
cleaned out trenching and sealed with layer filter capped selected 
Rubble Creek Wash. 

After placing drain pipes, spreading and compacting layer fine fil- 
ter followed corase filter and thin lift compacted small rock, the 
dumped rockfill was brought approximately foot lifts, timed keep 
ahead quarry run, coarse, and fine filters that order upstream towards 
the impervious zone. The filter between the dumped rock and wash the left 
river bank was made fine filter blanketed quarry run. 
Since the sloping filter zones were too thin placed dumping from 
trucks grade, the contractor generally utilized high lift loader small 
dragline build them rehandling stocks the material delivered truck 
from the top the rock fill. Fine filter sizes ranged between #40 and and 
coarse filter between and 2''. sluicing water was used 
the dumped rock. 

First lift the impervious zone consisted three 8-inch layers Rubble 
Creek Wash which had been grizzled remove stones above inches size. 
For compaction contact with rock concrete the pit material was similar- 
screened exclude stones more than inches size. Above these founda- 
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tion lifts the Rubble Creek Wash was taken directly from the pits, excluding 
rocks more than inches dimension, and compacted inch layers 
hauling equipment. loaded scraper was used compact the foundation 
layers. 

large portion the rip rap for the upstream slope was supplied rak- 
ing out oversize rock from the Rubble Creek Wash was spread the 
embankment. Due the rock content the material, equivalent armor- 
ing would have been formed wave sorting the mixture during several 
operating seasons. 

The reservoir created Cheakamus Dam reached el. 1240 October 
1957, about five weeks after the diversion channel was plugged. Seepage 
measured the gauge house practically constant 0.10 cusecs, except 
for increases due rain seeping through the rock fill filter zones, and the 
structure date appears much less pervious than expected when the project 
was undertaken three years ago. 


SUMMARY 


The requirements for storage dams two remote and relatively inac- 
cessible sites British Columbia have been met zoned embankments 
local materials. Although the Kenney site was suitable for concrete gravity 
dam, the cost would have exceeded that for rockfill about 50%. Masonry 
construction was not even considered for Cheakamus Dam where the special 
and rather complex foundation conditions could satisfied only rela- 
tively flexible, self-healing blanket design. 
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DISCUSSION 


BARRY ASCE.—The author has provided valuable comment 
and data two particularly notable rockfill dams. Kenney Dam was sub- 
stantial step from Nantahala Dam and has important place the successful 
development the sloping core rockfill dam. Cheakamus, though not particu- 
larly high, substantial significance its being constructed glacial, 
alluvial and talus deposits without cutoff bedrock. The Cheakamus Dam 
and the Bersimus Dam are examples careful adaptation rockfill dams 
difficult sites. The proposed High Aswan Dam, constructed several 
hundred foot depth sand and gravel, will further lead increased use 
rockfill dams difficult sites. 

The author states that the lateral movement (cross-valley component) 
settlement points Kenney Dam seems inconsistent with theory and says, 

The center point fill symmetrical valley should hold its original 
cross-valley position with reference fixed points the ends the dam, 
during vertical and downstream displacements Kenney Dam both the 
crest and along the berm, the total lateral movement date approximates 

inches the center reducing about inches near the left abutment, and 
consistently towards that end the These movements indicate that 
lateral compression has developed the left half the dam and lateral 
tension the right half, rather than the expected tensions near both abutments 
and compression the center. More detailed data would value. The 
writer agrees that the center symmetrical rockfill dam should not move 
laterally the dam were symmetrically constructed. The lateral movement 
basically from each abutment toward the center, but also related 

the direction dumping. The rockfill Kenney Dam was constructed from 
the left right bank, and that believed the reason for the lateral 
movement being from the right left bank. Lateral movement greatest 
the direction opposite that dumping the Measurements sever- 
dams indicate this and reasoning can developed make appear logical. 

The lateral settlement Salt Springs Dam greatest the direction 
opposite that dumping the rockfill. The lower 170 feet Salt Springs 
Dam was dumped from right left abutment. The next foot lift was also, 
except for narrow face lift from the left abutment. The top lift was dumped 
from both abutments but its influence lateral movements not very great. 
Fig. paper3 Steele and the writer, shows that the compaction 
during dumping was greatest the direction the dumped slope, even when 
the settlement point was 100 150 feet back from the berm which dumping 


Superv. Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif. 
“Rockfill Salt Springs and Lower Bear Concrete Face Dams,” 
Steele and Cooke, Transactions, ASCE, Vol. 125, Part II, 1960. 
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was taking place. Points this Fig. began change direction la- 
teral movement the fill berm progressed 200 300 feet beyond them. Fig, 
the same paper shows the later movement predominantly the 
right. Line all points moved the right, the opposite direction from 
dumping the major portion the Lateral movements the 245 foot 
high Lower Bear River Dam No. were small but the upper left abutment joint 
openings, Fig. 17A that paper, indicate greatest lateral movement being op- 
posite direction dumping the All the rockfill Lower Bear River 
Dam No, was constructed from the right abutment, 

The Paradela concrete face rockfill dam, 368 feet high, was all constructed 
from the left right abutment and lateral movement was predominantly from 
right left. Vertical joints near the right abutment opened one several 
inches, whereas the vertical joints near the left abutment did not move 
closed about one-half inch. The design and construction the dam has been 
comprehensively The data lateral movement Paradela 
given with the permission Mr. Gomes Fernandes, Hidro Electrica 

The lateral movements the above three high concrete face rockfill dams 
appear substantially influenced the direction dumping the rockfill. 
Though Kenney Dam sloping core type, considered that its settlement 
should similar that concrete face rockfill dam, and the data present- 
the author seems confirm this for all components the crest 
settlement. This similarity crest settlement does not exist for the central 
core type rockfill dam, for which all movements are less and are much less 
influenced the rockfill. 

seems logical that lateral settlement should tend the opposite di- 
rection the direction dumping. dumping takes place the surface slides 
and impact large rocks sliding down the slope tend compact the fill 
that direction. Also substantial contact the rocks line down the 
dumped slope necessary stop the rocks they fall. The line rock 
contacts not well established direction approximately normal the 
dumped slope. When the differential vertical and downstream displacements 
take place the lateral readjustment would reasonably tend the direction 
least compaction; i.e., the direction opposite the direction dumping the 
rockfill. appears that the magnitude the effect the direction dump- 
ing lateral movement great the magnitude the basic lateral 
settlement from both abutments the center symmetrically constructed 
dam. 

For dams less than 325 feet height these lateral movements are proba- 
bly not consequence. However, for higher dams may that consider- 
ation should given require certain minimum amount dumping from 
each abutment order minimize lateral tensions. Though the ideal design 
would require the dumped fills close the center, conditions are usually 
such that practical and economic construct more dumped rockfill from 
one abutment than the other. Consequently, design restrictions construction 
should kept minimum. Since the lower lifts have the greatest effect 
the lateral movement, the design requirements the direction dumping 
might limited them. 

There much remaining learned about the behavior high rockfills 
and the adapting rockfill dams difficult sites. The publishing con- 
struction data and detailed measurements the existing dams will make 
possible design and construct higher rockfill dams with maximum safety 
“Rockfill Dams: Paradela Concrete Face Dam,” Luis Henrique Gomer 


Fernandes, Edgard Loiveira and Nuvo Vasconcelas Porto, Transac- 
tions, ASCE, Vol. 125, Part II, 1960. 
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and economy. The cooperation Mr. William Huber, The Aluminum 
Company Canada and Electric Company presenting data Kenney 
and Cheakamus Dams has resulted valuable contribution this 
Symposium. 


ASCE.—The author has given unusually interesting 
comparison his treatment the Kenney and Cheakamus dams, both the 
rockfill type but varying materially design cross-section and especially 
foundation conditions, Kenney dam being founded rock and Cheakamus 
dam 100-year-old landslide. This discussion confined the perfor- 
mance the Kenney dam since its construction. 

The author’s Fig. illustrates the rate which hydrostatic loading 
Kenney dam was imposed. Reservoir filling began October 1952, with full 
reservoir el. 2800 being reached August 1957. 

stated the author, seepage has been detected coming from the 
abutments through the embankment proper, although the possibility leak- 
age through the abutments did exist, because the contacts between succes- 
lava flows beyond the limits the foundation grouting. 

During construction, two sets settlement (and deflection) movement 
plates were installed. One these sets was located the top the impervi- 
ous core about ft. below the crest, which consists rockfill with gravel 
topping arranged the manner shown the author’s Fig. The second set 
was located about ft. below the surface the berm el. 2785, the top 
the sluiced rockfill. The first set comprised monuments spaced 100 
feet intervals along the base line and vertical camber curve 3.5 
feet middle ordinate. The second series monuments the berm el. 
2785.0 was initially horizontal plane el. 2782.75 about ft. below 
those the crest. 

Location and other details the settlement plates the crest the dam 
are given Table with corresponding data for those the berm Table 
Settlement observations for the crest and the berm have been made 
seven occasions, with the last July, 1958. Data given Tables and 

will noted: 

The present settlement both the crest and the berm monuments 
has been relatively uniform, percentage-wise. That is, the settle- 
ment generally proportional the height the rockfill, the 
monument. 

Average berm settlement about 42% greater than the average 
settlement the crest. 


Settlement the crest has slowed down and appears virtually 
complete. (See Fig. 4). 


Chf. Engr., Power Dept., Aluminium Labs, Ltd., Montreal, Canada. 
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Settlement the berm has slowed down but does not appear have 
reached the same degree completion that for the crest (See 
Fig. 5). 


the same time settlement observations were made, measurements 
were made determine the deflection movement the monuments down- 
stream direction, Table giving essential details for the crest and Table 
corresponding data for the berm. The great majority the movements are 
the downstream direction but few measurements indicate upstream 
movement. There appears some correlation between deflection and 
height fill. The deflection expressed percentage height fill does 
not vary greatly, averaging about the crest and the berm. 
These fingers represent 67% and 61%, respectively, the corresponding 
average settlements. The deflections appear have reached stable condi- 
tion, with little any further increase likely. fact, there apparent 
decrease between July, 1957, and July, 1958, observations. 


TABLE DAM, CREST SETTLEMENT DATA 


Settlement Plate Location Elevation of settlement Elevation of Original height of settlement 
No. at chainage plate Dec. 12-13, 1952 foundation rock Plate above foundetion rock 


2816.3, 
2817.42 
2617.89 
2818.94 
2819.43 
2819.69 
2819.62 
2819.73 
2816.96 
2818.26 
2817.40 
2716.30 


TABLE 2,—KENNEY DAM SETTLEMENT DATA, BERM EL, 2785 


Settlement Plate Location Height of settlement 
at chainage plate above foundation 


| 
ing 
4 3% * 50 2652.0 166.9 
le 10 42 ¢ 50 2646.0 1721.0 
lu 43+ 50 2670.0 148.3 
ock 
y 1 34 * 50 2782.82 2731.0 51.8 
2 35 * 50 2782.79 2691.0 91.8 
3 36 + 50 2782.76 2652.0 130.8 
5 we 2782.69 2552.0 230.7 
6 39° 2782.70 2510.5 272.2 
10 43+ 50 2782.78 2670.0 112.8 
u 44 * 50 2786.95 2698.0 89.0 
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Observations have also been made determine whether there has been 
any movement the fill direction parallel the axis the dam, using 
the same monuments for settlement and deflection. Table indicates 
measurements longitudinal movement for the crest and Table correspond- 
ing movements for the berm. Pertinent comments are: 
There apparent correlation between longitudinal movement and 
height rockfill for either the crest the berm. 
Actual movements appear maximum near the right abutment 
and minimum near the centre. That is, these movements appear 
maximum where there minimum height rockfill and min- 
imum where there maximum height rockfill. This appears 
logical because the movement, while caused resultant several 
forces, undoubtedly influenced the cross section the valley 
the site and possibly the procedure followed placement fill. 


TABLE 3.—KENNEY DAM SETTLEMENT OBSERVATIONS, CREST 


Settlement Dec.12-13 June 17-22 Nov.20-23 duly 17 Se Settlement to July,1958,as 
Plate No. 1952 1953 1953 1954 19 percentage of height of 
0. 


pte 
55 
0.09 


Average settlement 


TABLE DAM SETTLEMENT OBSERVATIONS, BERM EL, 2785, 


July Settlement to July,1958 


Settlement 
1958 las percentage of height 
of fill 


Plate No. 


Average settlement 


2 0.19 0.22 0.33 0.35 | 0.43 O43 0.50 
3 ie) 0.29 0.51 0.58 0.63 | 0.66 0.43 0.83 0.65 
4 0.73 0.83 0.90 | 0.82 0.90 0.54 
5 ° 0.77 0.92 1.03 1.16 | 1.32 1.46 1.57 0.81 Ri 
6 ° 0.84 1.07 1.20 1.33 | 1.51 1.65 0.68 0.63 
7 te) 0.59 1.10 1.23 1.35 | 1.50 1.67 1.73 0.56 
3 0 0.58 1.05 1.18 1.32 | 143 1.60 1.63 0.67 
9 ° 0.46 0.86 0.98 1.07 | 1.13 1.33 1.29 0.61 
10 0 vamaged damaged damaged damaged| damaged damaged | damagedj ~ a 
u ie) 0.31 0.55 0.62 0.47 | 0.83 0.90 0.89 0.60 
12 oa 0.33 0.38 0.39 | 0.57 0.53 
13 15 0.19 0.23 0.22 | 0623 0.36 0.30 0.42 
| 0. 
1 oO 0.12 0.20 0.25 0.27 0.31 0.36 0.26 0.50 
2 ie) 0.24 O47 0.55 0.60 0.63 0.73 0.30 0.87 
3 ° 0.32 0.66 0.76 0.83 0.89 1.07 1.06 0.41 ( 
0.88 1.00 1.09 1.14 1.31 1.31 
5 0) 0.55 1.07 1.22 1.33 1.40 1.4 1.41 0.70 
6 ° OAL 1.12 1.26 1.37 1.53 1.66 1.641 0.59 
7 O47 1.01 1.13 1.2! 1.31 1.49 0.72 
3 0.40 0.96 1.05 1.08 1.22 0.70 
9 ° 0.33 0.70 0.77 0.85 0.90 1.07 1.12 0.82 
10 te) 0.30 0.53 0.61 0.67 0.72 0.79 1.00 0.89 
° 0.18 0.30 0.36 0.39 | Ohl 0.53 0.9 1.08 
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the case Kenney dam, with the exception the upper portion, 
the rockfill was built out from the left abutment lifts approximately 
ft. high, with each load sluiced down the slope from the top the 
lift skid mounted monitors delivering about two parts water one 
part rock.” would appear logical any longitudinal movement the 
fill should reveal itself the maximum extent near the right abutment. 
The movements appear have attained maximum July, 1957, 
would anticipated due the hydrostatic loading having reached 
maximum that year. 


TABLE 5.—KENNEY DAM DOWNSTREAM DEFLECTION, CREST 


Settlement 
P 


Downstream deflection as a 
ite No 


height 


Average deflection 


Note:- (-) denotes upstream deflection 


TABLE DAM DOWNSTREAM DEFLECTION, BERM 2785, 


Settlement Downstream deflection as a 
Plate 


ercentare of height of fill 


Average deflection 


Note:- (-) denctes upstream deflection 


272 
10 Damaged Damaged Damaged Damaged Damaged | Damaged| Damaged | Damaged - 
1 0 0.27 0.28 | 0.28 | -0.27 0.30 0.58 
4 ° 0.21 0.55 0.68 0.72 | 0.77 0.84 0.85 0.56 
6 ° 0.27 0.55 0.56 1.34 | 148 | O91 - - 
7 0 0.22 0.63 0.55 0.73 | 0.78 0.90 1.03 0.50 
3 OQ 0.28 0.57 0.5i 0.77 | 0.31 0.83 0.98 0.56 
9 0 0.22 0.46 0.48 0.40 | 0043 0.73 0.54 0.39 


ne 
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The settlement, deflection and longitudinal movements given Tables 
are relatively erratic, those though possessing broad over-all consistency, 
would expected from consideration the behavior the fill materials. 

Generally speaking, Kenney dam appears have reacted the imposition 
full hydrostatic loading the same manner other well-constructed 


TABLE DAM LONGITUDINAL.MOVEMENT CREST, 


Note:- (-) All longitudinal movements are in the direction right abutment to left abutment except 


where indicated by (-). 


TABLE DAM LONGITUDINAL MOVEMENT BERM 


co} 


Note: All longitudinal movements are in the direction right abutment to left abutment 


rockfill dams modern execution and similar proportions. Its performance 
adds materially confidence the sloping impervious-membrane type 
rockfill dam exemplified the original Nantahala design. 


it. 
Settlement Longitudinal movement as percentage 
Plate No 96 9 956 9 g of height of fill - 
2 ie) 0.16 0.20 0.32 O45 0.24 0.55 0.64 
3 0.20 0.24 0.35 0.33 0.29 O43 
4 0.31 0.29 0.33 0.35 NeAs 0.26 { 
5 Oo 0.23 0.04 0.37 0.31 1.22 0.20 0.10 
6 0.16 0.16 0.30 0.15 1. 0.30 
7 ° 0.06 0.09 0.36 0.51 0.98 0.39 0.13 
8 0 0.07 0.00 0.12 0.18 0.83 0.04 0.02 
9 0.09 0.04, 0.35 0.77 0.02 
10 Damaged |Damaged |Damared| Danared Damaged| Damaged 
lu 0.13 0.04, 0.21 0.13 0.69 0.05 0.03 
12 0.16 0.11 0.67 0.13 0.11 
13 0 0.08 0.02 Os 0.20 0.75 0.26 0.36 
Settlement Sune 22 | ov. 20° | Judy 27 | dune | a9 | movement as percentage 
No 9 9 9 9 of height o 
= 0.59 0.58 0.63 0.39 0.68 0.7% 
0.49 0.52 0.50 0.37 0.60 
0.50 0.54 1.28 0.29 
0.39 0.37 on 1. - - 
0.26 | Ova? 1.06 - 
0.19 0.15 01 0.92 0.03 0.01 
0.12 0.08 0.12 0.86 0.03 0.02 
0.08 0.12 | 0.15 0.78 0.24 0.18 
0.03 0.06 0.04 0.79 0.18 0.16 
0.00 0.06 0.10 0.70 0.10 0.11 ( 
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WILLIAM HUBER,® ASCE.—The discussion Mr. Cooke Kenney 
Dam and the movements within rockfill, and the discussion Mr. Lawton 
detailed settlement Kenney Dam present useful information that does not 
require further comment the writer. The paper, its discussions, and the 
paper Bleifuss and James give full coverage Kenney 
Dam. 

most valuable and comprehensive paper geology, design, construction 
and performance Cheakamus Dam has been presented Karl Terzaghi, 
Hon. ASCE.® Cheakamus Dam was completed the end 1957. Its per- 
formance terms settlement and leakage during its first operation 
excellent. reported Mr. Terzaghi’s paper, 


“The settlement the crest the dam maximum above the old 
river channel where the height the embankment greatest (90 ft). 
that point, the settlement the during the first two years 
after completion the dam decreasing zero to0.12 and 
the ultimate settlement will hardly exceed The total loss 
water due leakage full reservoir about 0.7 cfs which inconse- 
quential. Therefore, was justified make the bulk the impervious 
section the dam out relatively inexpensive, unprocessed Rubble 
Creek Wash. All the water coming out the contact layer beneath 
the rockfill section enters inverted filter layer and the dis- 
charge the springs coming out the east slope the river channel 
downstream from the dam practically independent the elevation 
the water level the reservoir. Therefore, there nodanger fail- 
ure the dam piping.” 


Dams: Design and Construction Problems,” Bleifuss and James 
Hawke, Transactions, ASCE, 125, Part II, 1960, 

“Storage Dam Founded Land Slide Debris? Karl Terzaghi, Journal, Boston 
Soc. Civ, Engrs., January, 1960. 


mes 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 
TRANSACTIONS 


Paper No, 3072 


ROCKFILL DAMS: 
DESIGN AND CONSTRUCTION PROBLEMS 


Bleifuss! and James Hawke,2 Fellows ASCE 
With Discussion Messrs, Steele; and Bleifuss and James Hawke 


SYNOPSIS 


This paper confined discussion rock fill dams having im- 
pervious zones earthen materials. Terminology for various zones 
suggested. The importance thorough investigation sites and mate- 
rials stressed, and reasons given from the standpoints the design- 
and the contractor. Design theories are lightly touched upon, 
since there already considerable technical literature available 
these. Construction problems are discussed; scheduling, river handling 
and choice equipment are mentioned, and foundation treatment and 
placing materials the various zones are considered some detail. 


DEFINITION AND TERMINOLOGY 


first necessary define what meant the term 
dam”. rock-fill dam one which the thrust impounded water 
carried embankment rock gravel. This rock gravel will 
not watertight; therefore watertight zone member must pro- 
vided. This may composed compacted impervious compacted em- 
bankment, may consist concrete slabs steel. impervious 
zone compacted embankment requires transition zones between and 
the rock-fill, that the materials composing cannot migrate into the 
rock-fill. The impervious zone must also protected and weighted 
down its upstream side, and transition zones are necessary its 
upstream side also, that its materials cannot migrate into the weight- 
ing zone. The writers intend confine this paper the discussion 
dams having impervious zone earthen materials. 

The following terminology suggested the profession (See 
Figure 1): 

Main downstream rock-fill which supports the imper- 
vious zone and therefore carries the thrust impounded water. 

essentially printed here, October, 1954, Proceedings 

per 514, Positions and titles given are those effect when the paper discussion was 

approved for publication 

Cons. Engr., Atherton, Calif., Formerly Pres., Bleifuss, Hostetter and 

Assocs., Sacramento, Calif. 

Kaiser Engrs., Oakland, Calif., Formerly Chf. Engr., Pomeroy and 

Co., Inc., Los Angeles, Calif. 
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FIG, 2,—MAXIMUM CROSS SECTION KAJAKAI DAM 
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Downstream transition—The various zones between the main rock- 
fill and the impervious zone which support and prevent migration 
the materials the latter. These transition zones are often referred 
engineering literature “filters”. 

Impervious zone—That portion the dam which provides watertight- 
ness. 

Upstream transition—The various zones which lie between the im- 
pervious and the weighting zone, and prevent the latter from sinking 
into the former, and prevent the former from washing out into the 
latter during drawdown. 

Weighting zone—The upstream portion the dam, which weights 
supports the impervious zone place and protects it. 


Importance Site Investigation 


The first step, course, toward the solution design and construc- 
tion problems comprehensive and thorough investigation all phases 
proposed project. already well recognized that proper design 
dependent such investigation; not yet generally recognized 
that sound and economical construction equally dependent. This 
should emphasized. Investigation will discussed briefly first, 
necessarily precedes both design and construction. 

order provide sound and economical design, the designer must 
know: 

The characteristics the dam site. 

Surface topography. 

Subsurface 

Hydrological data; how much runoff available, and what the max- 

imum flood is. 
Characteristics borrow pits quarries. 

Volumes and locations different kinds material available, in- 
asmuch rock-fill dam will ordinarily require rock, gravel, 
sand and impervious materials. 

The nature each different kind material, i.e., its structural 
and physical properties. 

Either the site topography the amount runoff available will de- 
termine how large the dam can be; economic considerations will prob- 
ably determine how large should be. also conceivable that sub- 
surface, i.e., foundation, conditions might bear large part determin- 
ation size. might also that amounts material reasonably 
available would require consideration, affecting economics, since 
while may said that always plenty material, may lie too far 
away used. essential know estimate the peak and volume 
the maximum flood, and under what conditions this flood apt oc- 
cur, since good practice dictates provision sufficient flood capacity 
that the dam can never conceivably overtopped. Parenthetically, 
while the writers generally believe and conform this dictate, they al- 
believe that well designed and well constructed rock-fill dam will 
stand overtopping moderate degree without damage, indicated 
years ago during the construction Dix River Dam, and recently re- 
ported experiences Mexico. 

The characteristics borrow pits and quarries will bear large 
part the determination the type dam. impervious material 
may available, and consequently the dam may have faced with 
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concrete slabs, has been the case with some the Pacific Gas and 
Electric Company dams California. 
suitable earth materials which can compacted produce low 


permeabilities are available, inclined impervious zone should 
first considered. If, however, such materials are structurally weak, 
impervious zone approaching vertical position may have con- 
sidered, for technical reasons appearing later herein. 

order estimate costs, and plan construction properly, the 
prospective builder must first have the design, and secondly knowledge 
the dam site characteristics and borrow pit quarry characteristics. 
These will determine his construction schedule and affect his selection 
construction equipment. 

The writers wish emphasize the importance having investiga- 
tions earthen materials done competent and experienced engineers. 
They have mind one case where investigators foreign job report- 
that pervious materials were plentiful and impervious materials 
were very difficult find, and the dam was designed accordingly. When 
the American engineers and construction crew arrived the job, 
thorough investigation program was carried out, and was found that 
the exact opposite was the case; there was plenty impervious materi- 
al, and pervious material was scarce and expensive. was necessary 
the dam, and this fortunately was entirely practicable, since 
the construction plant provided happened adaptable. Under other 
circumstances such error could have been extremely serious. an- 
other case the owner’s geologist had gone considerable trouble lo- 
cate deposit geological “clay” the mistaken belief that such clay 
was necessary for the core rock-fill dam. They were not discour- 
aged the fact that this clay deposit was number miles from the 
dam site, that was overlaid with many feet rock which would have 
required blasting, and that the clay was indurated the extent that 
would have been difficult not impossible break down for use the 
embankment. Fortunately our investigations disclosed ample quantities 
impervious borrow material immediately adjacent the dam site. 


Design Problems 


The first consideration designer’s mind how much runoff 
available, and its distribution throughout the typical year. Bearing 
mind the use which the prospective dam put, determines 
the desirable reservoir capacity which turn establishes the height 
the dam. then estimates the characteristics the possible maxi- 
mum flood and within the limits the dam site topography studies 
the effect flood storage capacity with respect required spillway 
capacity. The spillway can often provided thru saddle adjacent 
the abutment and the excavated material used the dam. This should 
considered locating the spillway. 

Bed rock course the best foundation. However, reasonably 
clean and well-compacted gravel may used foundation for all 
zones except the impervious zone, has shear resistance approxi- 
mating that rock fill. Rock fill usually has shear coefficient great- 
than 0.7, and large scale triaxial tests gravels the South Pacific 
Division Laboratory the Corps Engineers have shown that well- 


graded clean gravel may have shear coefficient approaching unity (1) 
(2). 


Numerals parentheses, thus (1), refer corresponding items the 
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Assuming bedrock within reasonable distance, the impervious zone 
should make contact with it. this impracticable, either some other 
means cutting off seepage under the dam must adopted, the 
seepage path made long that water can move along only very slow- 
ly. This latter sometimes accomplished placing impervious 
blanket top the overburden upstream from, and extension of, 
the impervious zone the dam. The use such blanket may neces- 
sitate flatter upstream slope the dam than would otherwise 
necessary. 

always necessary grout rock foundation. matter how 
sound rock appears, may have cavities unexpected places. The 
writers recall one case grouting massive anorthosite, very sound 
appearing, which all holes but one certain area refused grout. 
That one was 125' deep, and 1100 sacks cement were used before 
refusal. 

Stage grouting usually prescribed, starting with shallow holes 
low pressure, and then following with deeper holes and greater pres- 
sures. The final stage should have diamond drill holes depth equal 
about one-half the height the dam, and grout pressures the sur- 
face equal exceeding those caused the final developed head 
water. 

The main rock-fill inclined impervious zone dam should have 
its downstream face slope natural the material; this will usually 
about 1.35 1.4 horizontal 1.0 vertical. This slope, course, 
the easiest build. has been argued that such slope would 
seriously disturbed earthquake. Recently, however, severe 
earthquake caused serious damage such slope large dam 
Chile. The writers have been instrumental having experiments made 
Shaking table the University California, and these indicate 
serious damage natural downstream slope caused earthquake 
with horizontal acceleration 1.0 which course much more 
severe than the ordinary design allowance. 

The Institute Transportation and Traffic, the University Cal- 
ifornia, has recently undertaken some very interesting research which 
happens pertinent the design the outer slopes rock fill 
dams (5). has investigated virtually unknown field, the shear 
strength cohesionless materials under transient loads short dura- 
tion, such would caused earthquake. Test results will 
published the near future. general, they show that, under such 
transient loads, granular materials have substantially higher shear 
strengths than under slowly applied loads. This probably accounts for 
the slight damages observed the shaking table tests mentioned, 
well the case the Chilean earthquake. If, however, downstream 
flatter than the natural deemed necessary, although the writers 
can see reason all why should be, suggested that series 
flat berms with natural slopes between them used average out 
the flatter slope desired (see Figures and 2). Compacted gravel fill 
may substituted for all part the main rock-fill. Its natural 
slope will somewhat flatter than the natural slope rock-fill. 

inclined impervious zone used, the upstream surface 
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the main rock-fill should also its natural slope. This permits 
construction the main rock-fill advance construction the tran- 
sition and impervious zones, and eliminates the expensive work involved 
dressing flatter slope. Specifications should provide that there 
chance for selective dumping, the finer materials should dumped 
along the upstream edge the rock-fill. 

vertical nearly vertical impervious zone used, the 
transition zones and the impervious zone must carried the same 
time (i.e., only slightly behind) the main rock-fill. High lift dumping 
the main rock-fill thus debarred and this disadvantage. 

The main rock-fill the principal structural element the dam. 
The rock-fill must free draining; this means that only limited per- 
centage clay quarry fines permissible. The rock must sound. 
Rock which breaks chunky fragments obviously better than rock 
which slabby, such schist. The fewer sharp points there are 
broken off, the less the settlement will be. 

The writers were also instrumental having experiments performed 
the University California small models rock-fill dams de- 
termine the inherent stability rock-fill with inclined impervious 
zone. small 2-foot high model withstood load equal that which 
would have been imposed liquid specific gravity fifteen times 
that water. This because the resultant the water pressure 
directed downward and increases sliding friction the foundation. 
These experiments give point the idea many engineers entertain, that 
the rock-fill dam with inclined impervious zone has greater reserve 
stability than any other type dam. 

Whether the impervious zone inclined vertical, 
necessary provide transition zones both sides it. That the 
downstream side the more important; serves the final surface 
upon which the impervious zone rests, and through the water pressure 
load transmitted the main rock-fill. The transition zone must con- 
sist materials graded that the one side they are too coarse 
forced migrate into the main rock-fill, and the other side they 
are too fine permit the impervious zone materials mingle with 
pass through them. Usually will found that the downstream transi- 
tion zone will subdivided into three zones, each with different grad- 
ing material. Each sub-zone designed conform the criterion 
that its 15% size least times large the 15% size, and not 
more than times large the 85% size, the layer above it. de- 
signing these sub-zones must remembered how they are going 
built. Each sub-zone should least truck width, otherwise their 
placement apt very expensive operation (see Figure 3). the 
main rock-fill gravel, the transition zone might single and rela- 
tively broad band formed selective placing varying material, 
the cases Kajakai and Arghandab dams Afghanistan. Specifications 
should provide that the downstream transition zone carefully com- 
pacted. 

The impervious zone must built material capable being com- 
pacted until watertight. The watertightness measured its co- 
efficient permeability. This should not exceed feet per year under 
unity gradient, and general will considerably less. this material 


fla 


ROCKFILL PROBLEMS 281 


well graded, and has good shear strength, there doubt that the 
zone should inclined. not structurally strong, and has very 
flat angle internal friction (as, for instance, fat clay), may 
necessary use vertical impervious zone, because inclined, ex- 
cessively large weighting zone may required. 

The most satisfactory core material combines high structural 
strength, necessary impermeability, and good workability for economi- 
cal construction. Such material may likened concrete mix de- 
signed modern laboratory which the grading such that there 
just sufficient quantity given grain size fill the voids the 
next larger grain size. Our ideal impervious material would well 


graded mixture containing about percent silt and clay size par- 


WELL GRADED 
PASSING 200 MESH 


co 10.3” GRAVEL (SCREENED) 


(TYPICAL SLOPE) 1.0 


PARTIAL SECTION DOWNSTREAM TRANSITION 
ZONE KENNEY DAM 

ticles with the remainder grading through fine coarse sand sizes into 

gravel sized material. Providing there excess finer material 

completely encase them, and they not interfere with proper com- 

paction, there objection gravel sized rock the impervious 

embankment. 

embankment consisting entirely clay avoided because 
its low structural strength and the difficulties proper moisture 
control, both which tend result more expensive dam. 

Compaction certain standards compatible with the material should 
mum test density according designated test, than, for example, 
specify detail the number passes made with 
roller certain weight. 
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The specifications must cover with the greatest care the matter 
the contact between the impervious zone and bed rock, this being the 
most critical area the dam. Rock must trimmed that there are 
overhangs, great sudden variations, and that the impervious 
zone moves under pressure must occupy smaller instead larger 
space. 

The upstream transition zone must composed materials one 
side fine enough that they will not sink into the impervious, and 
the other side coarse enough that they cannot washed into the 
weighting zone. does not particularly need compacted. 

The weighting zone should composed heavy material with fair 
angle internal friction, say degrees. Most dams are subject 
drawdown, and this account the material should free-draining. 
Otherwise, saturated material above the free water surface would in- 
crease the liability slides occurring. 

The downstream surfaces dams must protected against erosion; 
rock-fill needs special treatment, but gravel fill will need sur- 
face layer rock. The upstream surface must protected riprap 
against wave action, unless the weighting zone material composed 
pieces individually heavy enough provide suitable protection, de- 
termined recently published design criteria (3) (4). 

Since rock-fill dam, when the water load comes it, will settle 
two directions, vertically and downstream, follows that general plan 
the dam must convex upstream, and general profile must 
crowned, that is, made higher the middle the dam than the abut- 
ments. These convexities should least three times the anticipated 
amount motion. The settling then results crowding the fill in- 
smaller volume. 

There another consideration which makes advisable put ver- 
tical crown, camber, the crest the dam, and that appearance. 
truly straight line will appear curved the eye. perfectly horizon- 
tal crest will appear sag the middle. This well-known fact; the 
ancient Greeks knew it, and built the Parthenon accordingly some 440 
years B.C. There are long straight lines the Parthenon. 
cambered both longitudinally and transversely. 

There are two classical methods available for the stability analysis 
rock-fill dams. The best known that Fellenius, involving the as- 
sumption curved failure surfaces, with thin slices taken along these 
surfaces for purposes computation. Neglecting the shearing forces 
the vertical faces the slices, the forces tending cause motion 
are compared with those tending resist motion. variant this 
method, called the method planes, the failure surfaces are assumed 
planes instead curves. 

The second classical method the “sliding block” method, which 
the main rock-fill and the weighting zone are considered retaining 
walls confining and supporting the impervious zone. The impervious 
zone, the downstream transition, and the main rock-fill are also con- 
sidered resisting the hydraulic thrust stored water. 

The routine computations involved either the above methods are 
relatively simple, and are thoroughly described technical litera- 

ture they will not further discussed here. However, their practical 
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application composite dam section requires considerable judgment 
and experience. 

the case Kenney Dam, Dr. Karl Terzaghi recommended anal- 
ysis using plane failure surfaces (see Figure 4). The factor safety 
computed the ratio resisting forces along the assumed failure sur- 
face, Line the driving forces along Line the force dia- 
gram. will noted that the driving forces are function the slope 
Line A'C'. This method should used only engineers consid- 
erable experience. 

studying Kajakai and Arghandab dams, which have nearly vertical 
impervious zones, the sliding block method analysis was used, well 
the Fellenius method. The sliding block method necessitates care- 
ful consideration shearing strains, and likewise not for the tyro. 

should borne mind that stability analyses must made for 
various conditions drawdown. For dams with inclined impervious 
zones, the most critical condition usually occurs when the water surface 
something less than halfway the dam. 

final comment, the designer’s problem select site, ac- 
cepting its limitations, and design satisfactory dam, using the materi- 
als hand practicable, with little waste possible. 


Construction Problems 
General 


The writers would like quote the approximate words Col. 


Growdon, Mem. A.S.C.E.: “Materials exist nature chaotic form. 
Construction the art assembling them orderly fashion, ac- 
cordance with preconceived plan.” practicing this art, many prob- 
lems arise, and the authors intend discuss few which occur rock- 
fill dam construction. 

Specifications can and must provided which will cover the general 
treatment construction. However, every job, conditions arise 
which require special treatment. This points the necessity having 
engineering personnel the field with experience and good judgment. 
The construction earth and rock fill dams cannot prescribed under 
definite specifications that masonry dams; proportionately 
greater judgment necessary earth and rock fill dams. not 
expected that field engineers can always obtained who are compe- 
tent handle any and all special cases; absolutely essential that 
such personnel able recognize case requiring special treatment. 
They can always call for help any doubt how handle it. The 
writers can cite cases which serious condition was not immediately 
recognized, but was picked during visit superior, and such 
state affairs always leaves one wondering what else happened which 
was serious and not reported. This most uncomfortable feeling. 


certainly futile maintain rigid inspection during day shifts and have 
little inspection night. 
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Schedule 


The first problem facing the prospective builder that prepara- 
tion schedule. must know the approximate quantities, the char- 
acteristics the dam site, and how the river handled during 
construction. avoid very expensive diversion facilities, may 
necessary that the entire dam built the period between one flood 
season and the next; fact, may found that this the only way the 
dam can built. Ordinarily, there “natural” period construc- 
tion for every dam, faster means useless expense the way 
excess equipment and inefficiency, and slower means increased 
cost because the overhead goes longer. course, urgent need 
for water power could necessitate the faster schedule regardless 
expense. But usually, the river regime the “natural” construction 
period will give the builder the skeleton his schedule, and the detailed 
items merely clothe this skeleton. 

There are common use three methods handling river during 
construction: 

Diverting through tunnel. 

Building part dam while the river runs through the area 

occupied the other part. 

Fluming the water through. 

Only (a) and (b) are applicable the construction rock-fill dam, 
and (b) can never completely applicable, since there usually must 
some way passing water while the last part the dam being built. 
The choice dictated the topography the site. Kajakai Dam the 
gorge was deep and narrow (see Figure 5), and there was choice ex- 
cept divert through tunnels. Only four years stream flow record 


were available, and from these was estimated that the spring flood 
peak would hardly greater than 50,000 cfs. Two 26' horseshoe tun- 
nels were driven, which would carry 50,000 cfs with certain head 
their inteakes. Construction the dam would take two seasons, 
was necessary get the dam high enough the first season provide 
this head. This left the possibility that greater flood might overtop 
the partially completed dam. The main rock-fill was therefore made 
higher than upstream portions the dam, and selected large rock used 
the downstream surface. was thought that some slight overtopping 
would not wash out any the rock-fill, and that the fill would cause 
pool over the rest the dam which would not therefore damaged. 
Fortunately, the flood that year peaked about 30,000 cfs, and the the- 
ory was never put the test. calculated risk had taken that 
unusually large flood might wash out everything. 

Arghandab Dam, two seasons were likewise required for construc- 
tion. But the dam was over 2000 feet long, during the first season 
about one-half the dam was built while the river ran through its ordi- 
nary abutment. After the spring flood, and during 
the second season, the river was diverted through small tunnel while 
the rest the dam was built. The tunnel had carry only low water 
flow, and was required anyway for irrigation and power release upon 
completion the project. There was hardly any risk all involved, 
whereas there was appreciable risk Kajakai. 
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Kenney Dam was built during one season. This was essential because 
the reservoir created enormous, and will require five six years 
fill. The gorge was narrow, (see Figure and work was begun after 
the spring flood peak, that only relatively low flow was required 
diverted, and was handled through tunnel with trouble all. 

Having schedule, and quantities, the builder has one item infor- 
mation necessary his selection construction equipment, i.e., 
knows the rates speed which various items work must done. 
must next know where his materials lie, i.e., how far they have 
hauled, and down what grades. must further know what the ma- 
terials are; for instance, whether rock apt break large small, 
since this would consideration choosing equipment sizes. 
must know how the materials lie; they may large deposits 
scattered small deposits; this might mean few large pieces equip- 
ment, greater number small pieces. Also, borrow pits 
gravel, sand, impervious material, characteristics may vary with 
depth, and this affects choice equipment. For instance, uniform de- 
posit large extent might dug with elevating graders, whereas 
small deposit might require power shovels. non-uniform deposit 
might require averaging excavation over certain depths, and consequent- 
power shovels would required. 

Again, non-uniform deposit might require zoning, i.e., certain areas 
might contain material satisfactory for impervious zones, other areas 
might contain coarser materials satisfactory for other zones the dam. 
The locations and sizes these areas bear the choice equipment, 
and also the order which they are used. 

The writers wish call the attention builders that very often 
would advisable get the advice consulting engineers before se- 
lecting construction equipment. They have mind con- 
tractor having purchased rather expensive well point system pro- 
tect excavation very well-graded mixture gravel and sand which 
was almost watertight. was found unnecessary, and good soils 
engineer could have determined this from analyses the material. 


Foundation Treatment 


Mr. Thompson, Affiliate A.S.C.E., paper “Foundation 
Treatment for Earth Dams Rock” (7) has discussed the importance 
proper preparation the foundation that area with which the im- 
pervious zone comes contact. This importance cannot over- 
emphasized. rock-fill dam with inclined impervious zone this 
contact area would relatively narrower than the earth-fill dams 
Mr. Thompson has discussed. 

While some latitude may allowed cleaning foundations under the 
other areas the dam, the area under the impervious zone must 
cleared material already actually place which impervious 
can made impervious grouting. the writers’ experience such 
material has always been rock. can said here that rock 
regarded impervious; there are always joints bedding planes, 
both, and all rock foundations must considered requiring grouting. 
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After thorough cleaning, will usually found wise fill 
some small local irregularities with concrete, which should left with 
rough (untrowelled) surface. the Kajakai Dam Afghanistan, 
limestone, old channel was uncovered full pot holes. was easier 
concrete these pot holes than trim off the sound rock projections 
between them, and would have been slow and expensive operation 
hand fill the numerous small depressions with earth, particularly since 
many them had overhanging edges. 

The impervious zone the dam must effect extended into the 
foundation that water has travel long and circuitous path through 
small passages get around it. There are joints which must grout- 
ed, and bedding planes case the rock sedimentary. There may also 
faults which must rendered tight. 

interesting note that the associates the writers have inde- 
pendently developed, and have used for some years, treatment proce- 
dure similar that recommended Mr. Thompson. Typical treatment 
Kajakai Dam shown Figure and for Kenney Dam Figure 

Kajakai Dam foundation limestone. Kenney Dam, the 
Nechako River British Columbia, the foundation consists series 
layers vesicular basalt and lavae, laid down different times. 
fact, during excavation, pieces sound, although charred, wood were 
uncovered under lava flows. both dams, the initial shallow series 
holes were found very difficult grout, because there were many 
surface openings which grout came out that pressure could not 
built all. The late Mr. James Hays, Mem. A.S.C.E., was 
charge this work both jobs, and finally decided cover surfaces 
areas grouted with coat gunite, averaging from 1/2" 
thick, except that small depressions were filled rounded out that 


hand (air) tampers could used fill them with impervious material 
(6). Pressure could then built and grouting done. Care was used 
keep the grout pressures low enough avoid heaving the foundation. 
This important. Heaving foundations under such conditions has 
been known occur, and has necessitated some very expensive repairs. 

With such gunite covering surface cracks, grout injected into any 
hole forced travel some distance before can escape. This means 
more pressure required, but greater range grouted from each hole, 
both surface and depth. Surface cracking the gunite did not 
amount much, although Kenney some was exposed for year, 
through temperature range from degrees below zero degrees 
above, Fahrenheit. 

Kajakai Dam, almost vertical fault was discovered, running al- 
most right angles the axis the dam, slightly over one side 
the buried channel yreviously mentioned. was obviously inactive, 
about eight feet wide, and filled with very tightly packed gouge clay, 
broken limestone, and small solution deposits. The proposed static 
head the rock surface was nearly three hundred feet. Mr. John 
Cotton, A.S.C.E., and the senior writer agreed shaft about 
feet square, centered the fault, sunk depth 100 feet, and filled 
with concrete. Grout pipes were left this concrete, but very little 
grout could forced into them. Two three other smaller faults 
were similarly treated. 
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Before grouting, every effort should made clean out clay-filled 
seams washing. impracticable this, and there appears 
any possibility that the material left the seams might some day mi- 
grate, good idea provide places near the toe the dam where 
water can escape from such seams. These escapes must contain in- 
verted filters, that, while water can escape, can carry fine ma- 
terial with it. the fine material cannot get out, there will piping, 
and leakage will not tend increase with time. can get out, 
strong flow water may develop, and the repair operation can pretty 
difficult and expensive. 

very good contact must obtained between the impervious zone 
and rock foundation. The impervious material must hand tamped all 
over the contact area. There must continuous seepage path along 
the contact. Probably better job hand tamping has been done than 
Kajakai and Arghandab dams Afghanistan, where the work was 
done tribesmen under their own foremen. 

The impervious contact area must first cleaned thoroughly or- 
der find out what must done it; after all filling, grouting, and 
other work done, must receive very careful final cleaning just 
before impervious material placed. Literally everything except solid 
sound rock must removed. Air blasts are preferable water jets, 
since the latter are bound leave small pockets and pools water 
which must dried before any material placed. 

Our problem which must always settled the field how far 
trimming and shaping the rock foundation under the impervious 
contact. has been mentioned that probably advisable fill 
inequalities with concrete. Whether the bottom the dam site 


along the abutments, the same general principles hold. neither nec- 
essary nor desirable that the contact area strictly planar, but there 
must abrupt changes section, and there must overhang. 
obvious that material settling around overhang must leave 
cavity beneath it. Abutments for the inclined impervious zone dam must 
trimmed and sloped that when load comes the dam, and the im- 
pervious zone moves downward and downstream consequence, 
must and will, the impervious material always tends move into 
smaller, and not larger space. This must watched very closely. 
While the impervious contact areas the main problem water- 
tightness, under the load-carrying portion the dam are interested 
two other things instead, settlement and friction. The main rock-fill 
must built that when the water load comes the settlement 
little possible, order minimize the adjustments which must 
take place the impervious zone. The main rockfill must therefore 
placed firm foundation rock good gravel. Silt clay gener- 
ally not permissible, and must removed. Ordinarily, and particu- 
larly the case dams with inclined impervious zones, the friction 
between the rock-fill and the foundation will found several 
times that required prevent the dam from sliding. The field Engineer 
must use his judgment what shall removed. 
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Main Rock-Fill 


The problems connection with the main rock gravel fill begin 
the quarry borrow pit. The quarry must drilled and shot pro- 
duce rock sizes which can handled the equipment, with only 
small quantity extreme fines. Some secondary “pop” shooting 
large rocks must expected; there not little this, will 
found that the rock being shot too fine, and too much explosive be- 
ing used. Kajakai, limestone rock was obtained from spillway exca- 
vation. Wagon drills were used. the start, 0.75 pounds 40% ex- 
plosive was used per cubic yard solid rock; was immediately ob- 
vious that this was little too much, and thereafter not more than 0.625 
pound was used. Kenney Dam, there was real good quarry site 
within any reasonable distance. Consequently, quarry site was chosen 
about 1/4 mile the left the dam, and upstream. The rock was ba- 
salt, with some lava, and was very spotty, masses sound rock with 
badly weathered areas interspersed. Quarry depth was limited the 
depth the basalt, which lay older and unusable materials. The con- 
tractor became committed the use “coyote” holes, and this was 
constant source trouble, because good rock, unsound rock and clay 
became mixed up; also the amount explosive used one shot was 
index the amount used the next, that practically all blasts 
were little undershot little overshot. believed that drilling 
with quarrymasters would have allowed more selective shooting, and 
would have simplified the sorting material was loaded into 
trucks. general, about 0.9 pound explosive was used per solid cu- 
bic yard. 

The main rock (or gravel) fill should preferably absolutely free- 
draining, and the material should therefore clean. Practically, 
however, may economically impossible get absolutely free- 
draining material, which case the writers believe should have 
permeability least twenty times that the material the impervious 
zone. the case Nantahala Dam, the rock (arkose) was clean, and 
contained only limited amount fines. the case Kajakai, the 
rock (limestone) was also clean, and not shot too hard, did not contain 
too many fines, and gravel pits were carefully zoned and watched, only 
the coarsest being placed the main rock-fill. the case Kenney 
Dam, clay and earth were intermingled that became necessary 
decide how much dirt was permissible. Dr. Karl Terzaghi was consult- 
ant, and agreed that single load rock containing more than 15% 
dirt could used the main rock-fill. Since many loads were 
clean, the average would much less than Inspectors were 
placed the quarry face, watched the loading, estimated the percentage 
dirt, and accepted rejected the loads. From all 
loads were rejected; these were dumped over 50-foot drop, and much 
good rock rolled the bottom where was reclaimed shovel work- 
ing along the toe. 

Notwithstanding this high percentage waste, little more than 
4,000,000 cubic yards were placed Kenney Dam between May and 
November 1952, and the dam was completed one season. 

the writers’ opinion that certain amount fines rock-fill 
act lubricant when water applied, and permit better adjustment 


individual rocks. Other engineers have expressed violent disagree- 
ment with this idea. 
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The writers believe desirable place rock-fill high lifts 
possible, holding that the energy expended rock moves down goes 
largely into compaction, and the greater the lift height the greater the 
energy. Other considerations may preclude making only one lift the full 
height the dam. may result undesirable hauling conditions; 
may necessary place the impervious zone before the main rock- 
fill completely built; the top usually too narrow provide suffi- 
cient working room; some designers and governmental authorities may 
require slopes flatter than the natural. Again the writers wish em- 
phasize that this last requirement not necessary. 

The proper application water during placing rock-fill all- 
important. There must least two cubic yards water applied for 
each loose cubic yard fill placed, and four cubic yards water are 
better. There necessity for more than four. Water should ap- 
plied hydraulic monitors streams 2-1/2 inches diameter, 
and the nozzle pressure should least p.s.i. The streams, 
better, jets, should hit the rock being dumped and immediately 
thereafter, and should directed toward the face the rock-fill slope, 
never parallel down it. one dam with which the writers were 
connected, when starting the rock-fill the water was applied shown 
Figure 15. This exactly the way not it. Water was directed 
down the slope sprinkling fashion, and might well have been applied 
with garden hose. This method was very speedily revised. Kenney 
Dam, very satisfactory scheme was developed. Each monitor was 
mounted one end pair steel beams about feet long. the 
beams near the other end was mounted diesel-driven compressor, 


air the monitor controls. This assembly was shoved over 
the edge the rock-fill that the monitor end cantilevered some 
feet out into the air, the compressor acting counterweight, and the 
jet could played back against the face the fill. The point which 
the jet strikes must varied good deal, and for this reason mechani- 
cal controls are important. hard control monitor hand, and 
will not moved enough unless power-controlled. 

When water properly applied, the effect mound freshly 
dumped rock amazing. seems dissolve and flatten out, and there 
not much rolling rock down the dump face. Rather there are fre- 
quent slides. Segregation sizes minimized. Settlement takes place 
during construction, and more than 1.0%, the most 2.0%, may 
expected thereafter. 

The pumps for the water supply should carefully specified the 
engineers. Spares should provided. The piping layout should 
carefully designed for minimum head losses and for easy adjustment 
the fill progresses. this connection some weird things can happen. 
one job, engineers under the writers’ direction selected and ordered 
diesel-driven pumps, electric power sufficient quantity not being eas- 
ily available. The pumps were rated 1750 RPM, and the diesels were 
furnished accordingly. visiting the job, was observed that the 
water supply was inadequate. Investigation revealed that mechanic had 
concluded that 1750 RPM was too fast for diesel, thought would 
wear out too quickly, and without saying anything anyone, had ad- 
justed the governors give 1250 RPM. pump rated for certain per- 
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formance 1750 RPM gives pretty sickly performancy 1250 RPM. 
This was pointed out, the governors were corrected, and the water sup- 
ply was immediately satisfactory. 


Transition Zone 


The foundation under the downstream transition generally prepared 
the same manner that under the impervious zone, except that there 
necessity for grouting. The transition will usually have three 
zones; one might composed say inch crushed rock 
screened gravel, the next 3/4 inch crushed rock screened 
gravel, and the third, against which the impervious placed, 3/4" 
fine clean sand. These materials may not contain more than two per- 
cent silt clay. The clay silt content can easily determined 
taking handful the finest zone material, well moistened, and clamp- 
ing the fist. release the material falls apart, clean 
enough; remains lump, not. course, laboratory deter- 
minations should made check, teach inspectors how make, 
such rough observations. Kenney Dam, glacially deposited sands and 
gravels were used, and was found that the screened sand contained 
excessive amount silt. flat-bottomed steel trough was built 
degree slope; the lower end this was placed steel bin with sand 
gate its bottom, and provision for water overflow its top. Sand was 
gradually pushed the upper end the trough bulldozer, numer- 
ous small jecs water played uphill against it, and the sand and water 
flowed down into the bin. Sand with about silt settled the 
and the overflow water carried off the rest the silt. Trucks ran un- 
der the bin for loading. was quite cheap and very effective opera- 
tion. 

The transition usually deposited only slightly ahead the imper- 
vious, and water cannot used because some would get into the 
impervious and affect compaction. Only mechanical compaction pos- 
sible. Usually bull-dozers are kept moving back and forth along the 
transition. The various zones must each sufficient width ac- 
commodate the trucks use (probably 12' minimum); simply costs 
more money make them narrower. 


Impervicus Zone 


The methods placing and compacting earth-fill are well-known 
that the writers will not discuss the placing the impervious zone. 

Moisture control often best accomplished the borrow pits. 
Kajakai Dam desert country, and was necessary terrace and 
dike the borrow pits and irrigate them well advance. Kenney Dam, 
the borrow pits were glacial material, and water had applied. 
scheme developed the job worked rather well. set ripper 
teeth was mounted tractor place bull-dozer blade, and be- 
hind each tooth pipe injected water depth about inches. The 
material was subsequently mixed repeated harrowing. 

Kenney Dam was nearing completion, everyone began worry 
about frost. was nip and tuck whether the dam could completed 
before winter set in, and would have been very expensive start 
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again spring for only very small operation. tests were made 
admixtures prevent freezing. was found that the addition com- 
mon salt, the proportion 1.0% weight, soil, would offer satis- 
factory protection. The salt was spread dry over the borrow area and 
harrowed before adding water. When salt was added, less water 
was required. The fall turned out mild, and not enough frost was 
experienced able evaluate fully this salt treatment. 


Upstream Transition Zone 


The foundation preparation for the upstream transition zone gener- 
ally similar that the area under the main rock-fill. The zone ma- 
terial should placed the same manner that the downstream 
transition zone. should clean and free-draining. 


Weighting Zone 


The weighting zone, has been stated, for the primary purpose 
preventing the impervious zone from sliding down and out upstream 
during initial filling the reservoir subsequent drawdown. The term 
“sudden drawdown” often used. The writers wish protest this un- 
necessary term, since properly constructed impervious zone drains 
slowly that all drawdowns are sudden, whether they take one day 
one year. The weighting zone material should heavy possible, 
and should free-draining, that pore pressure does not reduce 
sliding resistance. Cleaning the foundation area not particularly 
important, but course weak materials which might permit upstream 
sliding should removed. The new material does not need com- 
pacted when placed. 

The surface the weighting zone should covered with material 
which will not wash under rains and which will resistant wave ac- 
tion. 


CONCLUSIONS 


Engineering literature rock-fill dams still rather scanty. The 
writers have attempted discuss the problems practice which beset 
the designer, well some the field problems which have way 
bursting suddenly the unwary field engineer. 

Engineering problems the field are quite often the sort not solvable 
reference books, and hence their solution requires sound judgment 
based experience. When dealing with rock-fill dam, its design like- 
wise not matter reference books, and exact mathematical 
formulae cannot applied. Therefore rock-fill dam requires the ex- 
ercise judgment more than many other structures. 

Points emphasized design and construction are: 

The necessity for competent and thorough investigation site and 

materials. 

The necessity for having engineering personnel the field during 


construction able recognize situation requiring special atten- 
tion. 
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The necessity for close attention foundation preparation. 

The necessity for proper sluicing placing rock fill, that set- 

tlement after construction will minimized. 

The necessity for careful placing materials transition and 

impervious zones. 

Since only very general requirements can laid down advance, 
only engineer experienced both design and construction can say 
when investigation sites and materials has been adequate any spe- 
cific case. The same may said foundation preparation. engi- 
neer with substantial field, laboratory, and design experience re- 
quired determine whether the various materials are being properly 
placed and compacted. 
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DISCUSSION 


ASCE.--Mr. Bleifuss and Mr. Hawke are compli- 
mented the excellence their paper. There should many more papers 
similar nature upon the subject the Design and Construction Rock- 
fill Dams all types. 

The authors have confined their comments the composite structure con- 
sisting impervious zone earthen materials with rockfill gravel 
supporting sections. This composite structure two types, the inclined 
core and the vertical central core. 

The writer’s experience rockfills, until recent years, has been chiefly 
with what chooses call the true rockfill type dam with 
face membrane concrete, timber gunite. Pacific Gas and Electric 
Company, with which was associated for many years, has such dams 
its system. 

The two composite types and the true rockfill type, when properly designed 
and constructed, make splendid and durable dams. Selection the type for 
specific site should determined site conditions such character 
foundations, available materials, economics and other factors. some loca- 
tions, such the higher reaches the Sierra Nevada Mountains Califor- 
nia, impervious material either non-existent quantity too costly 
obtain. such sites the impervious face type rockfill has proven consider 
ably more economic than concrete dams. 

The authors have ably described design and construction requirements for 
inclined and vertical core dams. 

Settlement will occur both types during construction and when reservoir 
pressures are applied. There will significant lateral settlement, from the 
abutments toward the center rockfill, well the better known vertical 
and horizontal Lateral settlement and differential settlements due 
abrupt topography changes require careful consideration order avoid 
minimize cracks. For these reasons, the rockfill should constructed 
give minimum settlements throughout the dam rather than reduce maximum 
settlement only, the deepest sections rockfill. 

Perhaps the areas most vulnerable the formation open cracks are 
those the vicinity the high water line the reservoir and the abutments 
the dam where water pressures and rock loads are relatively light and 
lateral settlement greatest. Under unfavorable and unfortunate circum- 
stances which usually can avoided, open cracks might develop these 
regions. 

Assuming identical characteristics fill materials and conditions insofar 
they are applicable either type dam given site, would seem that 
movement the fill materials caused differential settlements would 
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more severe the inclined core than they would central core. 
Therefore, constructing the inclined core type dam greater care must 
taken order obtain dependable cutoff and downstream transition 
zone well good compaction the Main Rockfill section. However, 
the dam well designed and constructed and the impervious zone com- 
pletely confined between the two transition sections intended be, 
the writer’s opinion that the pressures exerted upon and through the moist 
inclined core material are sufficient prevent formation open cracks 
during the process more less gradual settlement the underlying fill 
materials. 

The writer agrees that rockfills, particularly large size stones, can 
withstand considerable flow through the fill and over pour but such should 
not considered the spillway design. However, economies diversion 
and construction may attained taking calculated risk overpour dur- 
ing construction. the case Dix Dam, mentioned the authors, flood 
waters rose rapidly during the construction period and submerged about 
37,000 sq. ft. uncovered placed rock and dumped fill. The difference be- 
tween reservoir level and tailwater was about feet. very large volume 
water passed through the dumped rock fill with noticeable displacement 
rock. 

Pacific Gas and Electric Company’s Upper Bear River Dam withstood, for 
several hours, overtopping maximum depth inches. The dam 
feet high and has upstream face membrane slopes 1/2 and 3/4 
The downstream face consisted single layer well placed dry rubble 
laid slopes 1/2, 3/4 and The fill between the upstream and 
downstream rubble faces consisted largely mixture small rock and 
fines. After the flood appeared that there had been some movement the 
downstream rock facing. Subsequently the dam was reinforced dumping 
rock against the downstream face and the spillway was enlarged. currently 
constructed rockfill large, well-sluiced rock would certainly withstand 
such overpour with greater margin safety. 

The authors state that rockfill usually has shear coefficient greater than 
0.7. the writer’s opinion, dumped and sluiced quarried rockfill becomes 
interlocked that shear coefficient unity can conservatively used 
design. The existence many dams with 1/2:1, 3/4:1 and 1:1 slopes and 
nominal amounts surface placed rock substantial evidence high 
shear value. 

The writer full accord with the statement that reasonably clean and 
compact gravel may used foundation except under the impervious 
zone. Careful examination several river bed gravel deposits has revealed 
essentially complete rock rock contact through sizes ranging from large 
boulders coarse sand with interstices completely filled with smaller rocks 
and sand particles. Such deposits surely are more compact and secure than 
any artificial fill that can made replace them. 

The authors mention natural dumped rockfill slopes ranging from 1.35 
1.40 horizontal 1.0 vertical. The writer’s experience, generally, has been 
with slopes 1.30 1.35 horizontal 1.0 vertical. 

The 172-ft. Cogoti Dam Chile was built average downstream slope 
1.6 withstood extremely severe earthquake with practically in- 
significant disturbance the fill. The vertical settlement caused the 
quake measured 1.4 feet. 

The authors’ comments regard quarry operation, dumping rock, 
and the amount permissible fines are especially commendable. 
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The problem permissible fines difficult. writing Specifications, 
percentages seem the only means specific control. the field be- 
comes matter judgment, and differences opinion between constructor 
and owner arise. The writer has found that pricing schedule that causes 
both the constructor and the owner lose some money rejection 
material does much solve the problem. 

The authors’ statements favoring high lifts and heavy sluicing the rock- 
fill are well Assuming suitable rock available, these two factors 
are most important. High lifts are more adaptable the inclined core type 
than the vertical core type. This distinct advantage construction-wise 
and will give the minimum settlement the main rockfill. 

The behavior the 275-ft. San Gabriel Dam No. rockfill with up- 
stream membrane, cited. The dam was constructed 25-ft. lifts and 
sluicing was prohibited. The rock, though hard, contained some weak cleav- 
age planes. Measurements taken during the later stages construction 
indicated accumlated total settlement near the crest more than feet 
seven months. this amount, the last several feet settlement came 
one week heavy rainstorms during which inches rain fell one day. 
One effect that settlement shown Fig. extensive, deep crack 
inches inches wide developed near the right abutment and the crest 
the dam. This contrast maximum crest settlement after two 
voir fillings 1.13 feet (0.5% the 240 ft. height) Pacific Gas and 
Electric Company’s new Bear River concrete face rockfill dam, constructed 
high lifts and well sluiced. 

The Joie Storage Dam, British Columbia Electric Company, Ltd., 
Bridge River the rockfill type with temporary timber face overlying 
14-inch unreinforced concrete sub-slab. The deepest fill overlies the river 
channel old Joie Falls where the foundation and abutment slopes are 
quite steep. Here the alignment the dam concave the reservoir. The 
dam was constructed originally height about 215 feet and presently 
being enlarged its ultimate size. Differential settlement near the right 
abutment the original structure caused the formation extensive crack 
one the timber sills. the point maximum separation the crack 
measured about inches width and there was 3-inch downstream offset. 
Adequate repairs were made and little further settlement 

The writer the authors’ emphasis sluicing but not entirely 
with the methods described them. Fortunately, appears that the quantity 
water applied the time and location dumping more important than 
the method applying the water. Usually the fines tend accumulate the 
point dump and for short distance down the slope. Concentration large 
volumes water these areas more effective than high nozzle velocities. 
Also, there beneficial action beneath the surface erosion from occa- 
sional steady flow at.one point. However, one should continually strive 
apply water the most effective manner. 

Excellent results also have been obtained many cases with the monitor 
located the rockfill bench one side and short distance back from the 
point dump illustrated Fig. The stream played diagonally into 
the rock slides off the truck and down the rockfill face. The moni- 
tors are mounted short skid-type carriers with liberal length hose. 
They can speedily moved new positions the bulldozer which nor- 
mally use the rockfill bench. long pipe handle fastened the 
monitor barrel, and counter-weighted, permits easy operation the monitor 
one 
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conclusion, the writer desires state that agreement with the 
authors that certain amount fines, with sluicing, acts lubricant. 
Slides frequently occur where water applied quantity, especially 
areas containing local concentrations fines, and permit better adjust- 
ment individual rocks. However, prefers minimum amount fines 
and would not advocate deliberate inclusion fines order accommodate 
such action. 

ers are very appreciative the comments Mr. Steele. Mr. Steele has been 
responsible for the design and construction m:ny important dams, num- 
ber which are rockfill dams the type designates true rockfill dams 
(comprising rockfill with upstream face membrane concrete, timber 
gunite) and comments from his experience are most authorative. 

Mr. Steele very properly emphasizes the importance constructing rock- 
fill dams minimize the differential settlement throughout the dam. 
This becomes particular importance connection with many the higher 
rockfill dams now (1960) under construction. Mr. Steele’s comments regard- 
ing the172-ft high Cogoti Dam Chile, built with average downstream slope 
1.6 which withstood extremely severe earthquake, special impor- 
tance our consideration the earthquake resistance high rockfill dams. 
The experience which Mr. Steele cites connection with San Gabriel Dam No. 
California and the Joie Storage Dam, British Columbia, emphasizes the 
importance his comments regarding care selection materials together 
with proper deisgn and construction methods. 

During the period which has elapsed since the writing this paper, there 
has been trend toward the design increasingly higher rockfill dams. 
construction some these rockfill dams, has been necessary use 
available earth embankment and rockfill materials which, some cases, were 
not other instances rockfill dams have been constructed founda- 
tions granular materials which involved special problems foundation 
stability affecting the design the dam. Accompanying these factors has been 
the use steeper outer slopes the upstream and downstream shells 
tain rockfill dams. 

The comprehensive effect the foregoing factors has been make de- 
sign problems more exacting. adequately cope with these design factors 
have urgent need know more about the actual shear strength co- 
hesionless material, both rockfill and gravel fill, under the high vertical and 
lateral pressures existing dams over 400-ft high. Some laboratory work 
has been performed which would indicate that there may reduction the 
shear strength granual materials under such loading conditions. 

The earth materials used the core and the materials used the filters 
become more critical for high dams. desirable re-examine the problem 
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construction pore pressures and consider carefully how closely our labora- 
tory triaxial shear tests approximate the pore pressure conditions existing 
the core high rockfill dam the period prior and during the initial 
filling the reservoir. 

From the standpoint rigorous structural analysis our present methods 
stability analysis are open question. The assumption failure along thin 
slice unity width introduces approximations, particularly the case 
steeply sloping abutments which may overly conservative. This would in- 
dicate need for more realistic methods stability analysis based the 
various modes failures which might rationally expected. 

Certain high rockfill dams involve diversion and closure problems which 
require the closure section the dam placed single dry season. This 
leads need make the end slopes the initial stage the embankment 
steep practicable order minimize the amount material 
placed the closure section. Studies such end slopes the method thin 
slices leads unrealistically flat slopes since the unit width section may lie 
entirely within the impervious core. Obviously, however, any large scale 
failure the end slope would involve the adjacent cohesionsless shells, and 
the effects the shells should considered the stability analysis. This 
being done recent projects with which the writer connected and 
hoped that further study along this line may lead more realistic and satis- 
factory methods stability analysis composite earth and rockfill dams. 


— 
— 
Wi 
‘ 
- 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 
TRANSACTIONS 


Paper No. 3073 


ROCKFILL DAMS: 
KAJAKAI CENTRAL CORE DAM, AFGHANISTAN 


Glenn Sudman,! ASCE 


With Discussion Lawton; and Glenn Sudman 


SYNOPSIS 


This paper describes the design and construction the rockfill dam 
embankment portion Kajakai Project. This dam, Central Afghanistan, 
was economically constructed despite its geographic isolation. The feat 
required maximum use locally obtainable materials and complete training 
native work force. 


INTRODUCTION 


The Royal Government Afghanistan has initiated improvement pro- 
gram for revitalizing area which, past history, was referred the 
“Garden Spot” Asia. This area, which modern times called “Helmand 
River Basin”, occupies approximately 107,000 square miles Southern 
Afghanistan. The major lifeline the basin the Helmand River. shown 
Figure the river flows 600-mile circuitous path from the Hindu 
Khush spur the Himalaya mountains the Seistan Sink the Iranian 
border. 


essentially printed here, August, 1958, the Journal the 
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The precipitous, barren slopes the upper basin, combined with 
climate predominated winter rainfall and dry hot summers, have resulted 
extreme annual variations river flow. The fertile valley lands have been 
subjected alternate periods drought and flooding. order alleviate 
this serious condition, the combined forces International Engineering 
Company, Inc. and Morrison-Knudsen Afghanistan, Inc. were commissioned 
design and construct dam and reservoir for control and development the 
Helmand River. 

the river revealed the best damsite was near the village 
Kajakai, about air miles northwest Kandahar. this site, the ancient 
Helmand River had cut through beds limestone form short, 
gorge. Upstream from the gorge, the river valley widens and encompass- 
low rolling hills. The natural topography thus provided excellent site 
where considerable volume reservoir storage could economically 
developed. 


Preliminary investigations streamflow data, irrigation demands, down- 
stream flow requirements, and power development potentialities resulted 
the selection multi-purpose project. Through economic analyses led 
the decision that the most feasible project development would attained 
construction two stages. 

The first stage, shown Figure included main embankment, side 
saddle spillway, and two diversion tunnels. Various combinations dam 
and spillway arrangements were studied. These resulted the selection 
dam shown Figure with top Elevation 1050 meters. The spillway 
crest was set Elevation 1033.5 meters. Spillway discharges were uncon- 
trolled. Reservoir capacity the top the spillway crest would then 
approximately 1,470,000 acre-feet. This amount was considered adequate for 
water requirements, mostly irrigation, under the present scope land develop- 
ment. 


After diversion use, one the tunnels would fitted for irrigation 
releases. The other tunnel would plugged until power requirements justi- 
fied its further development. 

The second stage can constructed when irrigation demands increase 
where more water required, when market for power develops. This 
stage will consist primarily the installation gates the spillway channel 
and construction the remaining power facilities. Allowing five meters 
freeboard the dam crest would set the top the gates Elevation 1045 
meters, and would provide additional 830,000 acre-feet storage, making 
the total reservoir capacity approximately 2,300,000 acre-feet. This amount 
would adequate for irrigating almost 500,000 acres, area slightly greater 
than any land development project contemplated the foreseeable future. 
addition, irrigation releases and the developed head would provide energy for 
potential firm power load 60,000 kilowatts. Selection the actual type and 
size generating units has been deferred until the need for power 
established. 
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Investigations 


Geological examination the damsite and reservoir area was conducted 
during the summer 1950. general, rock the site was found 
massive dolomitic limestone. Beddings consist thick layers limestone 
near river level, becoming thinner with few cherty members and occasional 
shale interbeds near the tops the abutments. The beds dip generally about 
degrees toward the northwest. Several faults were visible but were 
not considered serious. 

Extensive jointing the rock was visible the abutments. Joints were 
two directions intersecting each other right angles, with the pattern 
forming oblique angles the axis the dam. The joints varied from close 
open and were more less filled with clay. Surface caverns were dis- 
closed some the principal joints. 

Foundation borings consisted drill holes the river channel and 
one horizontal hole the left abutment. Overburden the river channel 
consisted about feet sand, gravel, and boulders overlying sound lime- 
stone bedrock. The hole the left abutment near the axis the dam was 
driven 210 feet and revealed apparent change structure the bedrock. 

Investigations potential construction materials were conducted near 
the site during 1948 and 1949, and were supplemented laboratory tests 
made the United States. Test pits were dug about 100-meter intervals 
three areas. Mechanical analyses and compaction tests were performed 
materials from these test pits. 

Ample quantities materials suitable for the construction rockfill 
dam were found two borrow-pit areas located from one two kilometers 
from the dam, one upstream and the other downstream from the gorge. 


Design 


Discussion design the features completed under the first stage 
construction limited this paper the main dam embankment. The other 
features the dam are discussed only they effect design construction 
the main embankment. 


Selection Type Dam 


rockfill type dam was selected for development the Kajakai site. 
Design rockfill embankment was predicated the efficient use econom- 
ically available construction materials and equipment. Preliminary investi- 
gations had shown that adequate supply suitable impervious and pervious 
materials were available nearby. The limestone rock from required excava- 
tions was found entirely suitable for incorporation the dam embank- 
ment. addition, construction plant and personnel were available this 
remote country, having been assembled for movement earth and rock 
large scale for other projects the Helmand Valley. 

Conversely, cement and concrete plant equipment and personnel would 
have imported. Supply lines Afghanistan are complicated routes 
and require several re-handlings all materials. Each link the supply 
line subject interruptions, which turn interrupt construction schedules 
dependent upon outside supplies. The long line and interruptions result 
high construction cost any structure requiring large amounts imported 
bulk items such cement. 
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Diversion 


The diversion scheme was based construction low embankment 
upstream from the dam, sufficient height divert low water flow through 
one the two diversion tunnels. During the period before high 
runoff could expected, the downstream portion the rockfill section was 
raised Elevation 985 meters. the start the high water season, 
both tunnels will available for diversion. Water Elevation 985 meters 
would provide enough head pass the maximum diversion design flood 
70,000 cfs through the tunnels. Two 32-foot diameter concrete-lined 
horseshoe-shaped tunnels would have the required capacity and would provide 
flexibility use during construction. This was especially true for completion 
the work within the separate bores and for adaptability final water use. 

the diversion design flood was exceeded, minor overtopping the 
downstream rockfill section could occur without damage, protective coat- 
ing heavy rock was specified. addition, the embankment upstream 
this rockfill was follow lower level obtain smaller velocities over 
the portion the dam having finer grained materials. This was agreement 
with construction schedules the time required for foundation clean-up and 
grouting the impervious area precluded placement large amount 
material during the first eight- month period. 

The target estimate type contract per mitted final designs easily 
and quickly adjusted conditions were disclosed during construction. The 
jointed condition the rock had led the conclusion the original design 
that the tunnels would require lining throughout. After the tunnels were 
started, became apparent that the rock was much better than anticipated. 
Consequently, the design was immediately modified eliminate the lining 
without the delay frequently occasioned contract re-negotiations. 

The nominal unlined tunnel size was changed feet. the same 
time, review construction operation schedules revealed that the top the 
downstream rockfill could constructed Elevation 990 meters. The 
diversion capacity resulting from these modifications was computed 
63,000 cfs. 


Spillway 


The spillway arrangement was based on: advantageous use the 
topography avoid paving the spillway outlet channel, and balance the 
amount spillway excavation nearly feasible with the amount required 
the embankment. 

Rock the selected outlet channel adequate withstand the erosive 
forces water for many years. Some lining may eventually required 
maintenance feature. The spillway outlet channel excavation terminates 
natural ravine leading the river point about 300 meters downstream 
from the toe the dam. 

Two hypothetical floods were used for spillway design. One flood with 
peak 318,000 cfs was routed through the reservoir without encroach- 
ing the freeboard. The other flood with percent greater magnitude was 
not overtop the dam. 

The first-stage, ungated spillway has capacity 330,000 cfs anda 
usable surcharge more than 1,000,000 acre-feet normal freeboard level. 
check review hydrological information accumulated the intervening 
period will made verify the accuracy the design floods the time the 
gates are added. 
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Main Embankment 


The main embankment, shown Figure has crest length 275 
meters and approximately 100 meters high measured from bedrock 
top dam. The total embankment volume approximately 3,200,000 cubic 
meters. 

Complete removal overburden material was required only the imper- 
vious core area. the remaining embankment area, removal only unstable 
materials containing clay silt was required. Naturally-deposited river sand 
and gravel, which was left place, was scarified depth six inches 
and re-compacted prior placing the embankment. 

the abutments, bedrock was exposed over much the area (Figs. and 

5). Consequently, treatment consisted removal overhangs, sloping 
vertical faces and elimination sudden changes slope. This abutment 
sloping was required provide wedging action the fill consolidated, and 
eliminate the possibility the fill “Hanging up” and cracking the abut- 
ment contact during the consolidation process. 

The zoning within the dam was predicated the most efficient use the 
available materials. Preliminary investigations had indicated that definite 
quantities materials, varying from impervious previous, were available. 
From the tunnel and spillway designs, estimates were made the quantities 
rock available from these excavations. early decision was keep the 
core and transition zones minimum thickness consistent with prevention 
percolation through the dam and the efficient use placing and compaction 
equipment. Several factors influenced this decision: relative availability 
materials, cost-in-place the fill, and the comparative lack structural 
strength these types material. Further decisions limited the use rock 
that available from required excavation. Quarried rock would more 
costly for equivalent effect dam stability than pervious materials from 
borrow pits. the actual quantity suitable rock available from required 
excavations would probably differ from the estimated amount, zoning limits 
between gravel and rock materials were made flexible. 

finally designed, dam consisted of: 

impervious core compacted material composed mixture 
alluvial sand, silt, and clay. 
Zones compacted transition material upstream and downstream 

the impervious core. 

Pervious sections compacted free-draining gravel upstream and 
downstream. 

Rockfill sections, upstream and downstream, comprising the outer shells 
the dam. 

The embankment slopes were determined stability analyses, using con- 
servative strength factors for the various materials. The factors safety, 
determined from these analyses, under all conditions loading, exceeded 
the minimum values generally considered permissible. 


Embankment Materials 


Specifications 


Specifications for field control were issued ensure that the minimum 
requirements utilized the stability analysis were satisfied. 
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The impervious material was specified well-graded mixture 
sand, gravel, clay, and silt possessing low medium plasticity with not more 
than percent gravel and stones larger than inches diameter. The 
permeability after compaction was not exceed 1.0 centimeters per 
second (103.5 feet per year). Minimum shear strengths, determined from 
triaxial shear tests saturated, unconsolidated, undrained representative 
samples, were stipulated equivalent angle internal friction 
degrees and apparent cohesion 1.5 kilograms per square centimeter. 
Compaction was percent standard density (ASTM Test D-698), 
with moisture content between two and four percent the dry side 
optimum. 

Grading the transition zones from impervious the inside pervious 
the outside, with shear strength equal greater than the impervious 
zones, was specified. Special selection material was required for 
width adjacent each abutment, which was highly impervious, 
and for layer free-draining, highly pervious material overlying the foun- 
dation the downstream portion the dam. 

The gravel zone material was specified free-draining with perme- 
ability after compaction not less than 400 centimeters per second 
(41,413 feet per year). Compaction was required dry density percent 
the maximum dry density obtained laboratory test. angle inter- 
nal friction degrees was specified agree with the value utilized 
design. 

The rockfill was consist sound limestone obtained from excavations, 
sluiced into place with the volume water twice the volume rock. Special 
selection large, more resistant rock was required the downstream face 
below Elevation 990 meters and the upstream face between Elevation 1010 
meters and Elevation 1050 meters. Lifts were specified dumped 
heights with outside slopes equal the natural angle repose. 
Berms appropriate widths were provided the top each lift give 
average slopes equal the design slope. Variation the slope the contacts 
between gravel and rockfill zones was stipulated suit the quantity suitable 
rockfill material found available from the required excavations. 


Field Control 


unusual problems were encountered the placing and control 
materials. The borrow pits were found characterized gradual 
transition from fine impervious silts coarse river-run gravels, with 
clearly defined lines demarcation. Careful field control using permeability 
limits guide was exercised that permeability the transition zone 
between the impermeable core and the pervious gravel shell was increased 
gradually. Tests the in-place materials showed that shear strengths great- 
exceeded minimum requirements. The relative ratio permeabilities was 
also substantially higher than required. The moisture content the materials 
the borrow pit was very low. However, this was economically corrected 
diking borrow areas and flooding them until the moisture content was satis- 
factory. Compaction the specified densities was readily accomplished 
sheepsfoot rollers and pneumatic hand tampers. 

The advantage providing flexibility the design the embankment 
was demonstrated during construction. The faulted zone the spillway proved 
larger than anticipated, with the result that the amount rock suitable 
for use the embankment was less than originally estimated. 
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construction the embankment proceeded, the substitution the upper portion 
the dam large gravel and cobbles lieu portion the exacavated 
rock was approved after re-examination stability. 

second example flexibility was the use impervious materials 
from borrow areas. The placing impervious material the embankment 
was delayed fault treatment the core trench area. Because the delay, 
the amount materials used from the upstream borrow pit was less than 
originally scheduled. consequence, more extensive use the downstream 
borrow area was required. This possibility had been recognized and the ex- 
istence adequate reserve had been determined beforehand. 


Foundation Treatment 


The pattern intersecting joints, solution channels and faults crossing 
the site necessitated extensive and careful treatment ensure that leakage 
through the rock would minimized. very careful study the field, 
accompanied surveys the main open joints and water testing through 
drilled holes, resulted the adoption final program consisting three 
general operations (Fig. 6). 

Shafts were excavated the faulted areas for satisfactory cutoff and back- 
filled with concrete. Surface exposures joints which would subjected 
water pressure were cleaned out and filled with gunite concrete plugs. 
Holes were then drilled diagonally intercept the greatest number joints 
and then grouted. 

The joints some places were found filled with clay which would 
tend prevent the flow grout, but which time might removed flow 
water. For this reason, was felt that the sealing surface exposures 
that might otherwise permit the upstream entry water into the pattern 
intersecting joints was prime importance. Due the directional pattern 
the jointing system, special attention was directed the left abutment 
where the treatment surface exposures was continued for some distance 
upstream. The segments the tunnels which would subjected reservoir 
pressure were similarly treated. some locations the left abutment and 
the tunnel walls, the gunite blanketed extensive areas exposed 
rock surface. Where grouting was performed the vicinity capped expo- 
sures, the surface treatment prevented the escape grout except through 
vents left specifically for that purpose. 

The foundation excavation disclosed three nearly vertical faults cutting 
diagonally across the core; one the right abutment, one near the toe 
the right abutment, and the other near the middle the river. 

The right abutment faults were filled with tight clay and gouge. These 
faults were four and six feet wide and were excavated about feet and 
backfilled with concrete. 

Treatment the fault the center the river became major opera- 
tion. The faulted zone was about feet wide and filled with fractured but 
solid rock, interspersed with bands dense calcite laminated with cement 
gouge and clay. The shaft, keyed into solid rock was located near the upper 
side the core and had length slightly greater than the width the zone. 
Excavation the shaft this fault required blasting. However upon expo- 
sure after blasting, the clay slaked and shrank, loosening the walls causing 
cave-ins and rockfalls. 
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The excavation this shaft proceeded very slowly and proved 
construction bottleneck. After the shaft reached depth feet, work 
became very hazardous. The upper part was then plugged with concrete. 
access opening was left through the plug the underlying excavation. After 
completion the excavation depth 100 feet, the entire shaft was plug- 
ged with concrete. The total amount concrete required was 1,800 cubic 
yards. grout seal was made between the plug and the rock. 

addition the main shaft the fault, the surface the zone was 
cleaned out depth five feet for its entire length across the core and back- 
filled with concrete. second shaft the downstream edge the core zone 
was excavated depth feet and backfilled with concrete. 


Construction 


might expected that the construction major project such 
Kajakai Dam the historically isolated country Afghanistan would prove 
unusually difficult. This however, was not the case, the construc- 
tion was accomplished essentially scheduled and with unexpected prob- 
lems resulting from the isolated location. construction organization had 
been operative Afghanistan for about three years prior the actual start 
Kajakai Dam. this period time, established procedures had been 
developed for maintaining supplies construction materials, equipment, and 
spare parts. These included well-planned requisition procedures employed 
efficient procurement organization, and skilled traffic department. 

The only construction materials available locally were earth and rock, 
except for small amount poor grade lumber. Everything else had 
imported. Except for cement from Belgium, and fuel and lubricants from the 
Middle East, imports were from the United States. Food for the American 
personnel was imported except for meat, fresh vegetables, and fresh fruit 
season. 

All imported material was received the Port Karachi, West Pakistan, 
where the Constructor maintained organization facilitate trans-shipment. 
The next step was railroad Chaman the Pakistan- Afghanistan border. 
The supplies were then carried truck the main camp and service center 
Kandahar over 70-kilometer highway constructed one the first 
phases development work Afghanistan. From Kandahar the damsite, 
truck transport was over 170-kilometer road, portion which was built 
part the Kajakai Project. 

Storage and service facilities the site were comparable what might 
maintained similar projects the United States. Back-up facilities 
were provided the main center Kandahar, which had been developed 
headquarters for most the work Afghanistan. 

The construction camp Kajakai included housing and mess facilities, 
equal living standards the United States, for American and other foreign 
personnel. The buildings were generally stone construction, which proved 
satisfactory for this locality. 

Facilities required the native workmen were constructed themselves 
separate compounds. These people were issued rations whole wheat 
and rice well other locally produced foods from which they prepared 
their own meals. 

Prior and during the construction Kajakai Dam, large number 
native workmen received training-in the operation and maintenance 
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construction equipment, and other contruction skills. They proved very apt 
pupils and difficulty was encountered developing adequate number 
skilled workmen. 

The majority the foreign personnel this project were administra- 
tive, technical, and supervisory categories. the height construction 
activity, the force the jobsite consisted 1850 native workmen and 
foreigners, whom were Americans. 

May 1950, facing-off the diversion tunnels was started. 
August 1951, the low initial cofferdam fill was completed and low season flow 
diverted through one the tunnels. the end September, the site had 
been unwatered, most the overburden excavated the core trench, the 
foundation treatment started, and some progress made construction the 
downstream rock section. 

Success the diversion scheme required that the planned construction 
schedule placing rates followed during the first phase the 
work. The construction operations proved well planned and adequate 
equipment was available meet this schedule. difficulty was encountered 
except for the delay occasioned the excavation the shaft the fault 
zone under the core trench. This fortunately caused interference with the 
most critical item, the placing the downstream rockfill. After the extent 
this fault zone treatment was determined and the effect the construction 
schedule realized, wall was constructed around the area permit the 
embankment placing proceed. 

Rock placement was concentrated the downstream rockfill ensure 
completion Elevation 990 meters prior the spring floods. This elevation 
was reached March 1952, and flooding occurred the end the same 
month. The peak flow was 29,000 cfs and the water surface upstream from the 
fill reached maximum elevation 970 meters. 

The dam embankment was completed late 1952, with average month- 
placement 390,000 cubic yards material during the height activity. 

Figures and show the completed embankment, looking upstream and 

downstream, respectively. 


Performance 


Spillway 


Storage water commenced immediately following substantial completion 
construction. The reservoir was filled nearly spillway crest the first 
season, even though continuous irrigation releases were made. Flow over the 
spillway occurred for the first time 1954, with peak flow 24,000 cfs. 
Maximum spillway flow recorded date was 1957, when peak 
approximately 60,000 cfs occurred. Performance the spillway during these 
flows has been entirely satisfactory. Overburden was left the natural 
spillway channel downstream from the crest, and the expected erosion 
this material has occurred with detrimental effects. Discharge from the 
natural channel reenters the Helmand River downstream from the toe the 
dam, nearly opposite the irrigation outlet works. The combined flow from the 
spillway channel and outlet works shown Figure shown the 
picture, waves formed the combined flow are almost completely dissipated 
the time they reach the toe the 
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Effectiveness Seepage Control 


Effectiveness the seepage control was noted visual observation 
the embankment. The fault treatment, grouting, and core compaction method 
have apparently been very successful. addition visual observation, piezo- 
meters installed during the embankment construction have been read fre- 
quent intervals since the original filling the dam 1953, and the readings 
carefully studied. Pore pressures and phreatic lines derived from the read- 
‘ings have been plotted and are presented Figs. and 11. general, the 
readings indicate that pore pressures within the impervious core follow the 
rise and fall reservoir water surface elevation. There was appreciable 
lag response pore pressure pool variations. all cases, even for 
the example taken two months after completion the core, the phreatic line 
was fully developed the stage expected for the steady state condition. 


Settlement 


Settlement and horizontal displacement was observed from readings 
the triangulated range established Kajakai. Between June 1954 and Decem- 
ber 1957, the average settlement the crest was approximately two inches, 
while the horizontal displacement averaged three-fourths inch 
downstream direction. Both figures are considered indicative negli- 
gible movement. 


Cost-Benefit 


would very difficult place exact monetary value the actual 
benefits derived from construction Kajakai Dam and Reservoir. few 
construction costs related various project features are presented, how- 
ever, aid for individual evaluation potential benefits. 

The actual final cost the dam approached $12,500.000. The total 
quantity earth and rock the main embankment was about 4,200,000 cubic 
yards; therefore, the overall cost including all structures and appurtenant 
work constructed the first stage was about three dollars per cubic yard. 
Placing the actual earth and rockfill portions the embankment had final 
cost about resulting unit cost about cents per cubic 
yard. Based the actual final cost, and reservoir capacity 1,470,000 
acre-feet, the first-stage cost was about $8.50 per acre-foot. 

The cost the dam, with respect irrigable lands, can evaluated 
the basis land development studies. 1957, these studies indicated 
that approximately 220,000 acres were being irrigated Helmand River 
waters downstream from Kajakai Dam. The annual interest and amortization 
the expenditures for Kajakai Dam applied the presently irrigated lands 
amounts less than cents per acre-foot. 

The regulation provided Kajakai Dam has not only enabled new acreage 
brought under irrigation, but has given firmer and more usable supply 
water lands previously irrigated. When the lands below the reservoir 
are developed the extent that full use made the water stored the 
first stage Kajakai Reservoir, the cost the dam will result annual 
average cost cents per acre-foot water. 

These figures not include the power potential Kajakai which may 
eventually have ultimate capacity 120,000 kilowatts and flood 
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control benefits which are considerable. These, well further water use 
benefits, can attained construction the second stage relatively 
low development cost. 


Personnel 


The preliminary investigations, design and supervision construction 
were performed personnel the International Engineering Company, Inc. 
Construction was accomplished the forces Morrison-Knudsen Afghani- 
stan, Inc. the time this work was progress, Mr. Dunn, M-ASCE, 
was President International Engineering Company, Inc.; Mr. Bleifuss, 

M-ASCE, was Chief Engineer; and Mr. Torald Mundal, M-ASCE, was Chief 
Design Engineer. Engineering operations the field were performed under 
the direction Mr. Hohlweg, M-ASCE, and the Late Mr. Gilbert 
Waddell. Consulting Geologist was Mr. Frank Nickell. Engineering Consult- 
ants, who advised both design and construction and furnished invaluable 
service, were the late Mr. James Hayes, M-ASCE, and Messrs. John 
Savage, M-ASCE, James Growden, M-ASCE, and John Cotton, M-ASCE. 


DISCUSSION 


the outstanding characteristics the rockfill dam: its applicability lo- 
cations remote from sources supply for equipment, cement and lumber but 
with ample rock and sufficient volumes soil suitable for impervious 
core. Kajakai also typical another characteristic: broad flexibility 
design permitting most economic combination available indigenous materi- 
als. 

The overall cost the dam, including all structures and appurtenant work 
constructed the first stage, given about three dollars per cubic yard 
for total quantity earth and rock the main embankment 4,200,000 
cubic yards. This would seem extremely low cost considering the 
relative isolation the site, but doubt explained the composition 
the work force, with only foreign personnel, presumably all supervisory 
staff, and 1850 native workmen. would add the value the paper the 
author would indicate the relative productivity the Afghan labour com- 
pared with, say, average American labour the same categories, and the 
relative rates remuneration. 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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ASCE.—Mr. Lawton mentions the desirability com- 
paring the relative productivity versus remuneration Afghan labor com- 
pared American labor. Unfortunately the records which might produce any 
factual information are not available. Many factors would enter into such 
comparison such costs food and housing, costs training native per- 
sonnel, and the somewhat inefficient use cheap labor that often trained 
perform single function. was found, however, that properly trained Afghan 
personnel, paid fraction what American would receive, often proved 
efficient Americans performing the particular oper- 
ations for which they were qualified. 


Firm Member, Goodenough, Sudman and Overholser, Sacramento, Calif, Formerly 
Chf, Design Engr., Engrg. Cq., San Francisco, 
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ROCKFILL DAMS: 
LEMOLO NO. DAM 


SYNOPSIS 


This paper describes the Lemolo No. Rockfill Dam the California 
Oregon Power Company. The dam, which was built during the winter 1953 
1954 and the spring 1954, deck type with reinforced concrete deck. 
The reservoir was partially filled 1954 and was filled 1955. The dam 
relatively small and interest primarily because the north abutment was 
founded soil consisting mixture old talus, ancient streambed ma- 


terial and clay. deck type rockfill dam founded soil unusual, not 
unique. 


General Description Development 


The Lemolo No. Dam the storage and diversion dam for the Lemolo 
No. hydro-electric development the California Oregon Power Company. 
The dam located the North Umpqua River about miles northwest 
Crater Lake elevation 4000 feet above sea level. Its purpose 
divert water into the opwn power conduit leading the power plant and 
provide 12,000 acre-ft seasonal storage the Lemolo No. development 
and for four downstream developments. The water regulated this dam 
falls through net effective head 2140 feet the five plants served it. 
The North Umpqua River has drainage area 175 miles and average 
flow 394 cfs the damsite. 

The dam deck type rockfill having reinforced concrete deck. (See 
Fig. has maximum height 120 feet and length 775 feet along the 
crest. Because the soil foundation the north abutment, unusual meas- 
ures were taken protect the north abutment from erosion and extra 


Note.—Published essentially printed here, December, 1959, the Journal 
the Power Division, Proceedings Paper 2285, Positions and titles given are those 
effect when the paper discussion was approved for publication 

Vice Pres, and Mgr., The California Oregon Power Co., Medford, Ore. 
Engr., Gibbs and Hill Inc., New York, Y.; Formerly Pio- 
neer Service Eng. Co., Chicago, 
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precautions were taken the construction the concrete deck prevent 
cracking and the accompanying leakage. Excessive leakage around the cutoff 
through the deck, heavy precipitation flowing down through the loose 
rockfill could become concentrated and erode the soil foundation the north 
abutment and cause failure severe damage, not prevented coilected 
and safely carried out the fill. 

rockfill was selected because the foundation was not considered suitable 
for concrete dam and material for compacted fill could not located within 
economical hauling distance. The deck type was selected because material 
for impervious compacted membrane could not located within economi- 
cal hauling distance. usual, economic considerations played impor- 
tant role the selection the type dam. this case, however, local con- 
ditions made unnecessary prepare comparative estimates select the 
most economical type which could depended upon safely perform its 
function. 


Outlets 


Two outlets for the controlled release water were provided. low level 
sluice capable releasing water for downriver developments when the power 
plant shut down, was located streambed level. The power outlet designed 
control flow the open power conduit was located the north abutment 
the highest level which would permit releases when the storage reservoir was 
drawn its lowest operating 

The low level sluice conduit feet diameter cast place reinforced 
concrete pipe through the fill which was used for stream diversion during 
construction. After diversion was completed, inch Howell-Bunger valve 
was installed the lower end the conduit. The Howell-Bunger valve was 
protected inch butterfly valve. inch Howell-Bunger valve was 
installed return water the streambed for fish. The intake equipped 
with trashracks and slide type gate which can used unwater the con- 
duit through the dam. 

The power outlet conduit feet inches diameter cast place rein- 
forced concrete pipe through the fill. Flow controlled the downstream 
end two inch Howell-Bunger valves. The intake equipped with trash- 


racks and wheeled gate capable closing against full flow through the con- 
duit. 


Spillway 


The spillway was excavated through the rock the south abutment and 
consists channel about 800 feet long with control section located the 
axis the dam. The control section was lined with concrete, but the re- 
mainder the rock channel was not lined. The control section consists 
three feet inch long bays separated piers. The two outboard bays are 
equipped with feet high flashboards and the center bay equipped with 
feet high tainter gate. The spillway crests are located provide discharge 
capacity 16000 cfs with feet freeboard the dam. Opening the low 
level sluice and the power outlet will increase the discharge capacity 
18000 cfs. Rock from the spillway excavation meeting the requirements for 
fill material was used the fill. 
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Foundation Explorations 


The foundation was explored making few core drillings strategic 
points and digging number surface exploration trenches. Except for the 
upper part the north abutment, the rock was exposed covered with only 
few feet overburden. Anyone familiar with the extremely irregular forma- 
tions this volcanic area will appreciate that great many core borings are 
unwarranted the information produced soon reaches the point diminishing 
returns. 


Geology 


All the rocks the region have been formed directly indirectly vol- 
canic action. The formations are characterized their extreme irregularity 
produced the effects intermittent lava flows, stream erosion and deposi- 
tion, and ash deposits. 

exposed the exploration program, the foundation stripping and the 
cutoff excavation, the foundation the streambed and part way the abut- 
ments consists alternate layers dense hard basalt and basaltic agglomer- 
ate. (See Fig. 2). the south abutment beginning about feet above 
streambed there feet layer well cemented laminated impervious 
tuff. Above the tuff the alternate layers agglomerate and basalt continue 
well above the top the dam. 

the north abutment beginning about feet above streambed there 
feet layer laminated tuff low permeability but which not well ce- 
mented that the south side. 

Above the tuff there only soil consisting mixture old talus, an- 
cient streambed material, and basalt boulders mixed with clay and having 
low permeability. The photograph Fig. shows the north abutment after the 
stripping was completed and excavation the cutoff started. The dark nearly 
horizontal strata the center the picture the tuff. The lighter material 
above the tuff soil. few boulders embedded the soil are visible. 


Rock Fill 


The specifications for the rock used the dam required that 
should hard and durable and that should free from cracks incipient 
jointing which would cause shatter when dumped the fill. They also 
required that should resist crushing under load and such mineral 
composition resist disintegration under the action the elements. The 
specifications further required that the grading such produce dense 
fill with rock sizes ranging from tons predominating the fill. was 
further required that not more than five percent the fill should consist 
fines less than inches size. 

The rock used the fill all basalt and was obtained from quarry 
the south abutment about 1/2 mile downstream from the dam, and from the 
spillway excavation. The fill conventional design and was built two 
zones consisting dumped fill making the main body the dam, and 
more dense placed fill upon which the concrete deck rests. 
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Fig. photograph the upstream face the dam during construction 
the placed rock fill and drilling for the grout curtain. Construction the 
power outlet control tower also progress. Fig. photograph the 
upstream face the rock fill more advanced stage. the left fore- 
ground can seen the sluice outlet tower and the timber crib division struc- 
ture. 


FIG, ABUTMENT 


FIG, ROCKFILL 
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The dumped fill was placed three lifts. The conduits through the fill 
were protected covering them with minimum inches quarry fines 
covered with feet placed rock before starting dumping operations. All 
dumped fill was sluiced was dumped, using three volumes water 
each volume rock. 

The feet thick placed rock fill was constructed seiected large stones 
carefully placed and chinked obtain the maximum contact between placed 
stones and between the placed fill and the dumped fill. After the placed fill 
was completed grade the surface voids were filled with gravel the maxi- 
mum extent possible order minimize loss cement when placing the 
deck. 

the area where the fill was placed rock foundation, most the loose 
overburden material and all the organic matter was removed. the north 
abutment where the fill was placed soil, the surface material was stripped 
average depth ten feet remove all stumps, roots.and loosely com- 
pacted surface materials. 

The dam was built with slight camber upstream and vertically. The can- 
yon was nearly “V” shaped and both the horizontal and the vertical cambers 
were laid out with straight lines intersecting point the center the 
dam. The horizontal camber was 4.7 feet and the vertical camber was 2.3 
feet. 


Cut-Off Wall 


When contact with rock, the cut-off wall has minimum thickness 
feet and was keyed into the rock minimum feet. The wall was permitted 
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project feet above the rock surface without special treatment. For pro- 
jections exceeding feet, the voids the placed rock were filled with sand 
cement grout form lean rubble mass contact with the cut-off wall. 

the north abutment where the wall did not extent rock, its thickness 
was increased minimum feet. Three criteria were established 
determine the bottom cut-off. 


When terminated the tuff, the minimum depth cut-off below the 
stripped foundation was 0.375 times the head the foundation surface. 


When terminated above the tuff the minimum depth cut-off was equal 
the head the stripped foundation surface. 


When the cut-off was extended into the foundation distance less than 
the head the stripped foundation, was required penetrate mini- 
mum feet into the tuff. 


These requirements established definite minimum line for the bottom 
the cut-off and provided vertical creep distance 0.75 times the head 
weighted creep ratio 2.25 the tuff. the soil the vertical creep distance 
was twice the head, giving weighted creep ratio further precau- 
tion against piping, the soil foundation was covered with inverted filter 
blanket. 

Grout holes were generally drilled and grouted from the bottom the cut- 
off trench. The group curtain was extended down distance equal the head 
the top the hole. Spacing holes was determined field conditions 
and the grout take adjacent holes. total holes were grouted giving 
average hole spacing feet. The average hole took sacks cement 
and individual holes varied from 302 sacks cement. number holes 
were stage grouted minimize surface leakage. 


Concrete Deck 


The concrete deck, details which are shown Figs. and was 
inches thick the top and increased thickness 0.005 feet for each foot 


FIG, CONCRETE DECK 
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height. This resulted deck thickness about inches the bottom. 

The deck was reinforced with 0.50 percent reinforcement both directions 
the center the slab. the lower portions the dam feet hinge slab 
spanning from the cut-off wall the rock fill was provided. Hinge slabs were 
also used around the conduit intakes, the slabs spanning from seats the in- 
takes the rock fill. The hinge slabs were inches thick and reinforced 
both faces. Designed structural reinforcing was located the bottom 
the slab and temperature reinforcing the top. 

The concrete deck was divided into small sections contraction joints for 
ease placing and control cracking. Below elevation 4098 the contraction 
joints formed the deck into squares feet side into smaller areas 
required the topography. Above elevation 4098 the contraction joints 
divided the deck into rectangles feet long and varying height from 
feet. 

All contraction joints were sealed with rubber water stops. Three basic 
types joints were provided. The joints between the deck and cutoff wall and 
between the deck and outlet structures were filled with 1/2 inch joint filler 
and had water stops capable withstanding large movements. The vertical 
contraction joints had joint filler varying from one inch the center the 
dam zero the abutments and water stops capable taking large move- 
ments. The horizontal joints were cast without joint filler and had water 
stops capable taking small movements. 

The photograph labeled Fig. was taken during the placing one the 
deck slabs. Fig. shows the completed concrete deck just prior closure 
the diversion. 


FIG, CONCRETE DECK 


332 LEMOLO DAM 
Drainage Provisions 


drainage system was designed protect the soil the north abutment 
from erosion which could caused excessive seepage around the cut-off, 
excessive leakage through the deck from heavy precipitation running down 
through the fill. Water from any these sources, concentrated into rivu- 
lets running down the slope the riverbed could erode the foundation and 
cause serious damage the dam. The system was also useful collecting 


sluicing water and transporting out the fill during rock placing operations. 


The drainage system was divided into two parts. inverted filter blanket 
was located under the placed rockfill and extended from the power outlet 
structure the top the dam. was intended intercept seepage and pre- 
vent piping around the cut-off. addition, series french drains were 
constructed normal the axis the dam. They were designed intercept 
and collect any water flowing the surface the foundation. Perforated 
pipe from the french drains was extended into the coarse gravel the filter 
blanket and collector drain the toe the rock fill carried all the water 
point where flow from the drainage system could observed. 

The inverted filter consisted three inch layers graded material. The 
coarse sand placed contact with the undisturbed foundation had critical 
size 1.0 mm. The fine gravel which followed had critical size 1/4 inch. 


The top layer consisted coarse gravel having critical size 1-1/2 inches. 


During placing the dumped rock fill the filter blanket was protected 
layer placed rock having the voids filled with sand cement grout. 

The french drains consist perforated tile laid trenches spaced 
about feet centers. The trenches were backfilled with coarse gravel which 
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completely surrounds the perforated pipe. The trenches were filled with 
gravel the ground surface and the rockfill placed directly the gravel, 
thus insuring that any surface water can readily find its way the drain tile. 

The power conduit was located the top the hard rock and formed 
barrier the flow water down the slope the riverbed. drain this 
pocket, the uphill slope the trench excavated for the conduit was blanketed 
with gravel and perforated tile drain was located the bottom the trench 
the uphill side the conduit. 


Settlement 


provide permanent points for the measurement displacements the 
concrete deck, brass plugs were located the four corners each slab. 
Periodic measurements the movements these plugs were made between 
July 1954, and May 1955, covering the first cycle reservoir filling and 
emptying. The maximum horizontal displacement 0.245 feet was measured 
point about feet below the crest the dam. Displacements along 
line feet below the crest were almost the same magnitude. The maxi- 
mum settlement 0.359 feet was measured point feet below the crest. 
Settlements along line feet below the crest were slightly smaller mag- 
nitude. Displacements above and below the two lines mentioned were smaller. 

Fig. plotted some the results the measurements which have 
been consistent could expected. typical settlement curve 
point the high part the fill plotted against time for comparison with 
the reservoir level. Also included are the horizontal and vertical displace- 
ments along horizontal lines across the deepest part the valley. These 
measurements were made May 1955, just before the second reservoir 
filling cycle started. Since that time, wet cycle has kept the reservoir 
higher level than normal and measurements have been believed 
that displacements since May 1955, have been small. 


Cracking Concrete Deck 


cracks have been found the concrete deck. The reservoir has not 
been lowered below elevation 4080 since the first filling the lower part 
the slab has not been examined. estimated from observation the leak- 
age through the dam that deck cracking, any, very minor character. 


Leakage 


There has been very limited amount leakage through the north abut- 
ment which has been collected the drainage system. There has been 
leakage through the main dam structure. Such leakage between the two out- 
let conduits would show the stream bed the toe the dam. 

There leak about cfs through open seam the rock the 
south abutment. This leak appears the surface near the lower end the 
spillway channel excavation when the reservoir full, and disappears when 
the reservoir lowered feet. The reservoir entrance this open seam 
has not yet been located and will closed when uncovered. 
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There have been unexplained increases decreases the leakage 
through the dam and believed that the cutoff and drainage provisions 
combined with the crack prevention program for the deck has produced 
satisfactory results. 
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Paper No. 3075 


ROCKFILL DAMS: 
CHERRY VALLEY CENTRAL CORE DAM 


With Discussion Joseph Dodd; Lawton; and 


SYNOPSIS 


This paper describes the construction Cherry Valley Dam the Hetch 
Hetchy Water Supply the City and County San Francisco. Cherry Valley 
Dam the central core rockfill type. The central core composed 
compacted decomposed granite and the rockfill freshly quarried granite, 
placed lifts feet and sluiced. The performance the 
embankment during the first two fillings the reservoir also described 
and measurements the settlements and deflections are given. 


EMBANKMENT DESIGN 


The design the Cherry River Project the City and County San 
Francisco has been presented detail Convention Preprint Paper No. 71, 
“The Cherry River Project the City San Francisco” Dickinson, 


Note.—Published essentially printed here August, 1958, the Journal the 
Power Division, Proceedings Paper 1733, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 

Mgr. and Engr., Hetch Hetchy Water Supply, Power and Utilities Eng. 

Bureau, Public Utilities Comm., City and County San Francisco, Calif. 
Constr. Engr., Hetch Hetchy Water Supply, Power and Utilities Bur- 

eau, City Public Utilities Comm., San Francisco, Calif. 

Senior Engr., Public Utilities Comm., City and County San Fran- 
cisco, 
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ASCE. (March, 1953). For the benefit those who not have access 
this paper the design the dam embankment will reviewed briefly. 
Cherry Valley Dam the composite earth and rock-fill type, with the 
impervious core centrally located the cross-section. two layer transi- 
tion zone, feet total thickness, placed between the impervious core 


and the rock envelope, both upstream and downstream. The dimensions are 
follows: 


Crest length, feet 


Crest elevation, feet 4,715 
Crest height above streambed, feet 315 
Depth streambed bedrock, feet 
Height, total, feet 330 
Crest width, feet 
Thickness base, maximum, feet 1,320 
Volume, cubic yards 
impervious core 2,932,000 
transition zones 593,000 
rock envelopes 3,475,000 
Total 7,000,000 


This type dam was selected order make the best possible use 
local materials. Ample deposits material for the impervious core were 
found within two miles the damsite, excellent granite for the rock en- 
velopes was obtained from quarry the right abutment, just downstream 
the dam. Material for the transition zones was obtained from deposits 
the reservoir area. The embankment section was proportioned use 
much core material possible while still maintaining the desired factors 
safety under the various conditions loading. core with the required 
degree impermeability could have been obtained with thinner section, but 
since the cost per cubic yard the rock fill was about twice that the core, 
was desirable use section containing the maximum proportion core. 
However, the embankment were built entirely the core material, 
the slopes the upstream and downstream faces the embankment would 
have flattened maintain the required stability the section. This 
would increase the total volume material required for the embankment and 
also the length the combined outlet and diversion tunnel. the case 
Cherry Valley Dam the total cost the embankment would remain about the 
Same since the increase volume would offset the lower unit cost 
the material, but the cost the tunnels would increased about 50% due 
the greater length required. 

The outside slopes the rock fill were made steep possible while 
maintaining the required stability. The overall slope the outside face 
the rock horizontal vertical. The upstream slope the impervious 
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core 0.70 while the downstream face 0.75 The difference 
0.05 the upstream and downstream slopes represents about 160,000 cubic 
yards material. this material were rock instead decomposed 
granite would cost about $1.00 per cubic yard more, that the difference 
the core slopes represents about $160,000. 

The borrow areas for the impervious material were explored means 
auger holes 250 foot centers. Samples were taken intervals not over 
seven feet these holes, changes type material. Sieve analyses 
and moisture density tests were made these samples primarily deter- 
mine the types material the borrow area and the uniformity these 
types. the selected borrow area was found that the material could 
classified into four groups types. All the material consisted decom- 
posed granite classified silty sand but variations the proportions 
feldspar and quartz the original granite caused variations the residual 
material. 

Composite samples each the four types material were tested for 
gradation, plasticity, specific gravity, compaction characteristics, direct 
shear strength, permeability, and consolidation characteristics. From the 
results these tests values were assumed for the design the embankment, 
follows: 


dry weight 106 Ibs. per cu. ft. 
angle friction degrees 
cohesion 


These values represent the minimum quality the material available for the 
core. The average quality somewhat better. This represents additional 
safety factor which was not taken advantage the design. 

The rock was not tested other than core drilling the prospective 
quarry areas. Based upon tests reported others, the following design 
values were used for the rock fill: 


dry weight 110 lbs. per cu. ft. 
angle friction degrees 


The local stability the rock slopes between berms was checked the 
infinite slope method. These slopes had factors safety ranging from 1.33 
with empty reservoir 1.10 with full reservoir and 0.05 earthquake forces 
acting. 

The overall embankment was checked use the slip circle method. 
The minimum factors safety for the various design conditions are: 


Normal operating conditions 1.50 


Infrequent operatiing conditions 
such sudden drawdown 1.25 


Normal operating conditions 
plus 0.05 earthquake 1.10 
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The transition filter zone between the core and the rock consists two 
layers zones. The finer layer, adjacent the core, feet thick while 


the coraser layer feet thick. The gradation the material these 
zones was based the criteria that: 


prevent migration the finer material into the coarser material 
the 15% size the coarser material should not greater than times 
the 85% size the finer material; 


and 


For drainage the 15% size the coraser material should not less 
than times the 15% size the finer material. 


added protection against migration the fine material into the rock- 
fill, selected fine material from the quarry was placed adjacent the transi- 
tion zone. This material effect acts third transition zone and actually 
reduced the cost the embankment since the material would otherwise have 
been wasted. 

During construction the river was diverted through foot diameter con- 
crete lined tunnel under the right abutment. Upon completion the embank- 
ment intake tower was constructed the upstream end the tunnel and 
outlet valves were placed the downstream end. steel lining, in- 
side diameter, was placed the tunnel from the line the grout curtain 
the downstream end. The space between the steel lining and the concrete was 
filled with sanded grout. tee and butterfly valve were also installed 
the downstream end serve the future power development. 

side-channel type spillway provided the right abutment. Model 


studies were made determine the most efficient layout the spillway and 
discharge channel. The crest the concrete ogee weir elevation 4700, 
feet below the nominal crest the dam. The spillway will pass flow 
52,000 cfs with feet freeboard the dam. 


Construction 
Foundation Preparation 


October 1951 contract was awarded the Owl Truck and Construc- 
tion Company the amount $684,480.00 for clearing and stripping dam 
site foundation, cutoff trench, excavation and cutoff grouting. The entire 
foundation area was stripped weathered bedrock, final clean being per- 
formed hydraulic monitors. total 291,500 cubic yards overburden 
was removed. cutoff trench relatively firm, unweathered granite was 
excavated the foundation adjacent the dam axis. The trench averaged 
feet width the bottom and feet depth, varying from feet deep 
the abutments feet deep the stream bed. Location the cutoff trench 
with respect the dam axis shown Fig. completion cutoff 
trench excavation, single line cutoff grout holes five foot centers was 
drilled and grouting stages down 120 feet depth. Primary holes were 
drilled and grouted foot centers, then secondary holes were drilled and 
grouted between primary holes, reducing the hole spacing feet. Finally, 
tertiary holes were drilled between primary and secondary holes, reducing 
hole spacing feet. general, grouting was performed all holes 
that stages adjacent holes differed more than one stage. all cases 
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grout used was neat cement grout with water-cement ratios ranging between 
0.6 and Grout pressures used averaged one pound per square 
inch per foot depth hole. Grout takes (in cubic feet per linear foot) the 
various stages are shown following table: 


Stage First Second Third Fourth 
ole 23! 23' 43' 43' 63' 123! 


2.366 0.097 
1.068 0.000 
0.590 


Additional foundation preparation under this contract consisted backfill 
prominent seams crevices with lean concrete under the compacted earth 
core facilitate fill placement. 


Dam 


October 1953, contract for construction the dam embankment the 
amount $7,162,800 was awarded the Guy Atkinson Company. soon 
the necessary equipment could assembled, small quarry was developed 
just upstream from the damsite and construction upstream rock coffer- 
dam commenced. This cofferdam was designed and constructed later 
incorporated into the upstream toe the rock embankment. Final closure 
and diversion the Cherry River was accomplished June 1954, with the 
placing foot thick blanket impervious material the upstream 
face the cofferdam. The first lift this impervious material was placed 
elevation about feet above streambed end dumping and dozing into 
comparatively still water. The impervious blanket was completed the 
crest the cofferdam, feet above streambed, placing lifts about 
feet thick. Compaction the impervious blanket was limited that obtained 
hauling and spreading equipment. Seepage through the completed cofferdam 
was minor and was handled 1000 gpm electric pump. 

Due the slope the streambed and downstream from the damsite, 
well the low flow diverted maximum 3200 cfs during construction 
the first season), downstream cofferdam was required. 


Compacted Earth Fill 


Under the terms the contract, the Contractor was allowed the option 
utilizing either one both two designated impervious borrow pits, either 
which contained sufficient material for the embankment, determined 
auger borings. Both borrow pits offered downhill haul the damsite, and 
the Contractor chose haul all the fill material from single pit, distant 
about three miles from the damsite, only slightly less than the distance the 
alternate pit. The selection pits provided saving haul road construction, 
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inasmuch the haul road constructed passed just below the major rock quar- 
ry, one-half mile from the Dam, and was used also for trucks from the quarry. 
This arrangement proved satisfactory, although was necessary provide 
traffic control the intersection the quarry road and the main haul road 
much the time. 

Impervious material the borrow pit selected the Contractor was 
decomposed granite derived deep chemical weathering inplace granitic 
bedrock. The area was known contain several springs and was traversed 
two small streams which flowed throughout the year. Moisture content 
material place ranged from 15% over the optimum required for com- 
paction and this single fact major extent governed the Contractor’s opera- 
tions both the borrow pit and the fill. 

Mechanically the borrow pit classification ranged from sandy silt silty 
sand with 95% the material classified silty sand. Within the above 
ranges the material was further classified follows: 


Characteristics #200 screen 


total Mtl 
Used 


Finely graded-Low Density 15% 
Fine graded-Above average 
Coarsely 
average density 35% 
Coarse graded-High Density 15% 


The average plasticity index material the borrow pit was 2.3 and 
ranged from 5.0 1.0. the samples tested 15% the material had 
5.0, 15% P.I. 3.0, 35% 2.0 and 35% P.I. 1.0. 

Laboratory dry densities the material ranged from minimum 113.3 
lbs maximum 128.0 lbs. per cubic foot when compacted modified 
A.A.S.H.O. effort (56,250 ft. lb. per cu. ft.) 

During the winter 1953-54 the borrow pit, 200 acres area, was cleared 
trees and brush and stripped humus and organic soil average depth 
feet. Haul roads were constructed, and some surface drainage excavation 
was performed. 

Under the bidding schedule, the price established the City for borrow pit 
excavation was $0.20 per cu. yd. This price included all excavation, whether 
waste fill, and covered the cost treatment produce material optimum 
moisture content, handling stones and boulders the pit, loading and haul- 
ing. The Contractors’ bid price for placing and compacting material the 
embankment the specified density was $0.40 per cubic yard. Compaction 
results were specified; methods were left the Contractor. 

addition the foundation treatment performed under the contract for 
stripping the damsite, under the fill contract, all joints and seams under the 
impervious section the dam were slush grouted least hours advance 
placing fill thereon. Thus, foundation slush grouting proceeded the dam 
abutments generally two days advance fill placement. Slush grout was 
sanded grout composed part cement, parts sand and parts water. 

From streambed the crest the dam, all impervious material placed 
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against the foundatioh was hand compacted for distance from feet 
out from the foundation contact, using pneumatic tampers. The Contractor’s 
bid price for this work was $6.00 per hour for each tamper used, maintained 
and operated, including sufficient hand labor place material the contact. 
total 6,430 tamper hours were used during the term the contract. The 
area the contact between the foundation and impervious core was acres. 
During fill placement, the fill contact zone was kept elevation averaging 
three feet above the balance the fill. 

Impervious material was loaded the borrow pit, transported and 
placed the embankment c.y. carryalls operating the three mile 
haul road speeds mph. the maximum rate placement, about 
24,000 c.y. per day, these units were used each two shifts. Carry- 
alls were generally loaded the borrow pit two pusher tractors operating 
tandem. 

Continuous treatment impervious material the borrow pit was re- 
quired remove residual boulders encountered and reduce moisture con- 
tent optimum for compaction. Material encountered the pit varied 
moisture content from 20% 30%, and optimum moisture for compaction 
specified density varied from 10% 14%, depending upon gradation and specif- 
density. Reduction moisture content was accomplished systematic 
cultivation the borrow pit and rotation day cycle excavation 


designated areas the pit. The cycle excavation and treatment was ap- 
proximately follows: 


designated area where moisture had been reduced optimum 
slightly above, material was excavated depth approximately 
inches. the day following, the area was ripped depth about feet 
crawler tractor equipped with back-mounted ripper, and any boulders 
encountered were removed the boundary the area. the next day the 
area was plowed with two foot bottom plow. This treatment was repeated 
the following day areas excessively high moisture content. the 
next day the area was harrowed depth about one foot means 
spring tooth harrow. The following day the area was checked for moisture 
and found satisfactory, excavated for fill succeeding shifts. 


All treatment for reduction moisture content was performed the day 
shift and the dryer areas the horrow pit were generally reserved for haul- 
ing the fill after sunset the swing shift. Varying with the season and 
time day, was determined testing that moisture content could re- 
duced maximum during the cycle rock removal, leveling and 
sheepsfoot compaction the fill embankment. Considerable experimentation 
with compaction units various sizes and lifts varying thickness 
was performed early phases impervious fill construction. During the 
early part the first construction season for impervious fill, Summer, 1954, 
two rubber-tired compactors were tried, with gross weights and 100 tons, 
well sheepsfoot compactors ballasted gross weights varying from 
tons. Primarily because the higher reduction moisture content due 
evaporation resulting from sheepsfoot compaction and secondarily because 
the greater apparent compactive efficiency derived from increased weight, 
the contractor shortly standardized the ton sheepsfoot roller for all 
compaction. 

total 1260 field density tests were taken during construction, averaging 
one for each 2,300 c.y. impervious material placed the embankment. The 
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average field density all samples taken was 91% laboratory density at- 
tained the use apparatus and procedures required for A.A.S.H.O. 


Method 99-49, with the following changes: 


the weight the compaction hammer was pounds instead 5.5 
pounds. 


the hammer drop was inches instead inches 


the control sample was compacted equal layers instead using 
blows per layer. 


obtain 91% average density the contractor settled compaction ef- 
fort passes ton sheepsfoot roller each layer inches, 
loose depth. 

The contractor placed impervious fill the following sequence: 


After compaction layer, the top surface was bladed off means 
patrol grader. This operation was found essential obtaining 
uniform thickness the subsequent layer material. 


Just prior placement layer, the top the previous layer was 
scarified depth about two inches break hard surfaces caused 
the tires hauling units and insure bonding the two layers. 


layer material was placed the fill carryalls and spread 
thickness averaging inches, loose measurement, crawler tractor 
equipped with bulldozer. 


The loose layer was raked through crawler tractor equipped with 
rock rake remove rock size over four inches. This operation 
was supplemented continuous patrol dump truck and two 
laborers following behind the rock rake pick oversize material 
which slipped through the rake. 


The layer was compacted noted above. 


Although the results obtained the above procedure were specified, the 
contractor was allowed great deal latitude methods, and followed 
the procedure outlined after considerable experimentation. 


Transition Zone 


The impervious core was flanked and downstream transition zone 
feet thick grading from sand and fine gravels adjacent the impervious 
core coarse gravel and cobbles. The required gradation for transition 
material was obtained selective excavation from extensive deposits 
sands and gravels the flood plain Cherry Valley. mechanical grading 
the material was necessary. 

Transition material was placed layers one foot thick, each layer being 
compacted one complete coverage crawler tractor. 

During the summer 1954, placement impervious and transition fill 
material progressed elevation considerably above the average elevation 
the outside rock envelopes. 

retain the transition material slopes 0.75:1 and 0.7:1, was 
necessary place rock adjacent the transition zones the elevation 
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the impervious and transition zones increased above that the full rock sec- 
tion. Rock for this purpose was placed dumping from the transition zone 
along the full length the dam. This “retaining” rock was dumped without 
sluicing the point the dump prevent damage transition and core 
material. Rock dumped dry adjacent the transition zone reposed 
slope approaching 1:1. general, rock selected for dumping adjacent 
transition zones was the smallest available from the quarries, and thus fur- 
nished additional transition grading from coarse gravel and cobbles into 
quarry-run rock. 


Rock Embankment 


Rock for embankment was granodiorite quarried from three sites, all with- 
half mile from the damsite. Overburden average depth feet 
was stripped from quarry sites and wasted. 

Chemical weathering the rock extended average depth feet be- 
low bedrock surface, the extent and severity weathering decreasing with 
depth. During construction the embankment, some the more severely 
weathered bedrock was wasted, although much was suitable for rockfill 
placed adjacent the transition zones. 

For all quarry excavation, including stripping and waste, the Contractor 
was paid $0.50 per cubic yard, the price being stipulated the contract 
the City, based cross section measurement the quarry sites. addi- 
tion, for all rock placed the embankment, the Contractor was paid his bid 
price $0.72 per cubic yard, based embankment cross sections. 


The Contractor experimented with various drill hole patterns and loadings 
and standarized the following: 


Drilled inch diameter vertical drill holes, feet deep, average 
spacing feet feet. Drills used were wheel-mounted, percus- 
sion type, wagon drills. 


The bottom feet each drill hole was loaded with 60% gelatin, the 
balance the hole with 40% gelatin within five feet the collar. 


Explosives were de: means electric blasting caps, delayed 
progressively from the working face back into the quarry. 


The powder factor used averaged 0.6 pound per cubic yard rock removed 
from all quarries. 

Blasted rock was excavated from the quarry means 5-1/2 cubic yard 
electric, 3-1/2 and 2-1/2 cubic yard diesel shovels, and very little secondary 
shooting was required. Fifteen cubic yard, off-highway, rear dump trucks 
were used transport blasted rock from quarries the dam embankment. 

general, the rock fill portion the dam embankment was constructed 
end dumping foot vertical lifts, although few instances foot 
lifts were used where access became obtain the average de- 
sign rock slope horizontal vertical and still save rehandling the 
surface rock during construction, the and downstream rock faces were 
constructed 20-foot wide horizontal berms 30-foot vertical intervals, 
with the rock between berms taking its average material slope repose 
1.33 horizontal one vertical (See Fig. 2). 


= 
f { 


CHERRY VALLEY 347 


Compaction rock embankment was obtained sluicing, using hy- 
draulically operated monitors equipped with nozzles 3-1/2 inches 
diameter, operated nozzle pressures ranging from 140 pounds per 
square inch. The skidmounted monitors were always placed out ahead the 
rock dump top the previously placed lift feet below, and were situated 
that the water stream was directed into the face the dump. 

dumping, rock was deposited the edge the dump and bulldozed over 
the edge, sufficient fine material being left the top each lift provide 
adequate surface for hauling. Prior placing the next lift, this compara- 
tively smooth surface was ripped and the fine materials washed down into 
the embankment. Thus, addition sluicing the dump face, primarily the 
point the dump, each monitor was required sluice the horizontal surface 
which the rock was dumped. 

Rock embankment was constructed two three shift basis throughout 
the year, inasmuch freezing conditions the winter never became suffi- 
ciently severe halt the work. The maximum rate rock fill placement at- 
tained was about 14,000 cubic yards per day, using ten cubic yard trucks 
each three shifts. Average rate placement for the construction 
period was about 7200 cubic yards per working day. 

The Dam embankment was completed October, 1955; total time con- 
struction was two years. 


Performance 


Reservoir Operation 


Since the operation the reservoir may influence the performance the 
embankment, brief description the operation date given below. 

The dam embankment was completed October 1955. However, the spill- 
way concrete was not completed until the fall 1956, that during the 1956 
run-off season the water surface the reservoir was kept below elevation 
4650. This elevation feet below the spillway lip and feet below the 
nominal crest the dam. This was possible because the outlet valves have 
capacity excess normal requirements order permit the reservoir 
operated for flood control. This excess capacity allowed the City 
maintain the water surface below the permissible elevation during the 
run-off season. course, had flood threatened during this period, would 
have been necessary drown out some the Contractor’s operations 
temporarily. 

1957 the reservoir was completely filled. This also allowed check 
the operation the spillway. Since the maximum inflow the tailend the 
run-off was only around 500 cfs the flow over the spillway was limited this 
amount. The maximum elevation the water surface was 4700.6, 14.4 feet 
below the dam crest. Under these conditions the spillway functioned without 
trouble, although the flows and heads really did not offer very severe test. 

both these years, 1956 and 1957, was necessary draw the 
reservoir down elevation 4600 allow other construction work connec- 
tion with the Cherry Power Project proceed. soon the downstream 
reservoir the Modesto and Turlock Irrigation Districts could receive the 
water, the outlet valves were opened. 1956 the water surface was lowered 
from elevation 4650 4595, total feet, days. 1957 was 
lowered 100 feet days. These conditions approach the classical case 
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“sudden drawdown.” However, since the water level was kept its maximum 
elevation for only short period time, the core was not completely satur- 
ated, and the drawdown condition was not severe would have been had 
the core been saturated. 

expected that the reservoir will fill again this year, and the past 
two years will again drawn down elevation 4600. 


Measurements 


Before filling the reservoir was started, survey monuments were set 
the impervious core along the crest the dam. These monuments consist 
standard bronze survey marker set inch diameter concrete base, 
extending feet into the core material. These monuments were set 400 foot 
intervals straight line along the crest the dam. Reference points were 
set the extension this line each abutment. The elevation each point 
was determined and recorded. Bench marks were set each abutment for 
future reference. The horizontal distances between the reference points 
the abutments and the monuments along the dam crest were also measured 
and recorded. Settlement points were not established the rockfill, neither 
the crest the dam nor the berms. 

Measurements have been made these markers irregular intervals 
since the reservoir was placed operation. Readings have been taken rather 
frequently during run-off period when the reservoir fills quite rapidly and 
also during the period when being drawn greater than normal rate. 
other times the interval between readings much longer since conditions 
are pretty much constant and the embankment movements occur much 
slower rate. 

The amount settlement each marker measured. Also the deflection 
the marker from straight line along the theoretical axis the dam. The 
horizontal distances from marker marker have been checked several times 
see there any apparent movement along the fill from the abutments 
toward the section maximum height. date there does not appear 
any motion this direction. 

weir was also set the old stream channel below the dam measure 
seepage. This has not been too successful described more detail later. 


Seepage 


Seepage probably the most direct indication the success this type 
dam. has been said that stable dam embankment can constructed 
out almost any competent material provided that the resultant seepage 
tolerable. What the tolerable seepage may something decided for 
each dam and depends the basic function the structure. 

The design studies for Cherry Valley Dam indicated that maximum see- 
page through the impervious core might the order cfs. This 
based the water surface remaining maximum elevation long enough 
saturate the core and establish the phreatic line its highest position. 
Since the coefficient permeability the core material about 0.01 feet 
per day would take long time achieve this condition. The State Fish 
and Game Commission requires that minimum streamflow cfs 
maintained downstream from the dam during the fall year. Obviously 
would very nice this flow could maintained seepage through the 
dam without the need small capacity auxiliary outlet. any rate, for 
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Cherry Valley Dam was decided that the maximum expected seepage would 
tolerable. 

Upon completion the embankment, attempt was made measure the 
seepage means weir downstream from the dam but upstream from the 
channel leading from the outlet valves. Unfortunately this part the river 
channel has five ten feet semi-pervious material over the bedrock. This 
material consists mostly fines washed out the rockfill the sluicing 
during construction. the weir location the surface flow concentrated 
well defined channel and was hoped that the underflow could cut off 
without expensive structure. This was not the case. 

That there underflow shown the fact that for constant reservoir 
elevation, the amount flow measured the weir varies with the dis- 
charge the outlet valves. their discharge increased, the increased 
depth flow the river downstream the weir raises the water surface 
the semi-pervious material and causes increased flow over the weir. When 
the outlet valves are closed, there flow over the weir. such times 
none the seepage reaches the surface the semi-pervious material. 

However, when the discharge the valves was constant, the flow over the 
weir varied with the water surface elevation the reservoir. record has 
been kept the flow over the weir since increase this flow with the 
other variables remaining constant would indicate increase seepage 
through under the embankment. 

Complicating the seepage measurements are the presence several 
springs under the downstream portion the rockfill. These springs were 
noted during construction. Dye tests were made find out there was 
connection between them and Cottonwood Creek, which enters the reservoir 
just above the dam. connection was found. Since the rockfill free 
draining remedial action was taken. These springs normally only flow 
during the spring and early summer. Their location has been recorded but 
not possible separate their flow from the seepage measured the weir. 

There also stream gaging station about 3/4 mile below the dam. 
Measurements this station include the flow two creeks and several 
springs between the dam and the station, that the readings are little 
value determining seepage the dam. 

date, the seepage has been very small, probably less than cfs. 
times when the main outlet valves have been closed has been necessary 
open the small auxiliary outlet order maintain the required cfs mini- 
mum streamflow. 


Settlement 


The settlement dam embankment matter interest since 
usually considered indication the degree compaction achieved 
during construction. the case rockfill, settlement may taken 
measure the effectiveness the sluicing achieving rock-to-rock 
contact. 

The vertical settlement the points established the crest the dam 
shown Figs, These settlement points are the core mater- 
They not show the settlement the The rate settlement 
the core has paralleled the water surface elevations with time lag 
several months. the reservoir fills, the rate settlement increases. 
When the reservoir drawn down the rate settlement decreases. 
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The maximum total vertical settlement date 0.45 foot, station 
(the point maximum embankment height). the total settlement, 
0.23 foot occurred during the first year operation the reservoir, 
and 0.22 foot during the second year operation. camber the 
vertical height embankment was built into the crest the dam. This 
amounted 3.3 feet this point. Thus, two years operation 13.6% the 
camber has been used. Judging from the settlement experience other em- 
bankments, the rate settlement decreases ceases with time, the maxi- 
mum occurring during the first few fillings the reservoir. hoped this 
will the case Cherry Valley since sway-backed dam not thing 
beauty. 

The settlement the other points the dam crest shows the same gen- 
eral pattern station interesting note that the settlement 
each point expressed percentage the embankment height the 
point quite uniform shown the following tabulation: 


Embankment Settlement 
Settlement Height Embankment Height 


mentioned before, points were not established the rock 
fill. Visual observations indicate that the settlement the rock fill has been 
greater than the settlement the core. For example, the berms the 
and downstream faces the dam were horizontal when built. They are now 
lower the central portion the embankment than the abutments. The 
maximum settlement about feet, measured the upstream rock berm 
elevation 4580. This probably because the maximum vertical height 
rock embankment above either bedrock the compacted core occurs this 
berm. 

the dam crest there additional evidence differential settlement be- 
tween the rock and the core. The crest was constructed foot width. 
The central feet the crest the core the dam, the outer feet 
each side composed the transition zones plus the rock envelope. The 
crest the dam covered with 6-inch layer fines and gravel, 
compacted and bladed form roadway for light traffic. After the first 
filling the reservoir several longitudinal cracks were noticed along the 
line the junction the core and the transition zone. 

These cracks were evidently caused differential settlement between the 
rock (including the transition zones) and the core. the rock settles has 
small component movement the upstream (or downstream, the case 
maybe) direction. The cracks were not over 1/4 inch wide, and none them 
extended continuously more than feet. There were more them 
the upstream side the crest than the downstream. This would ex- 
pected since the water action the upstream rock fill would cause some 


Station 
0.10! 0.12 
0.13 
12400 0.37! 0.16 
0.45! 0.14 
0.37! 0.16 
0.10 
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additional settlement, despite the sluicing performed during construction. The 
cracks could not traced more than inches below the surface. 
Their locations were recorded and the roadway material was bladed seal 
them and prevent entry water into the fill. 

After the second filling the reservoir these longitudinal cracks were 
again noted. There was marked connection between the location these 
cracks and the ones 1956. before, record was made the locations 
the cracks and they were filled blading. 

Another indication this differential settlement seen the crest the 
dam. The crest was originally constructed with slight crown the trans- 
verse direction. Due the increased settlement the rockfill this crown 
has increased somewhat, but accurate measurement this not possible 
since the edge the fill quite irregular due the size the rocks. 


Deflection 


any dam embankment the reservoir filled. What not expected 
that the embankment move upstream the reservoir emptied. Yet that 
what has happened Cherry Valley Dam during its first two fillings. This 
depicted graphically Figs. which the dashed line represents 
the horizontal movement the survey points (positive the downstream 
direction). 

Considering station 16+00 again, during the first filling the reservoir 
the total movement downstream was 0.14 foot. When the reservoir was 
drawn down, this point moved back upstream again that just prior the 
second filling the residual downstream movement was 0.035 ft. This re- 
bound 0.105 ft. 72% the original movement. The rebound was quite 
rapid first, closely paralleling the change water 

During the second filling the reservoir this point moved downstream 
0.465 foot for total movement (from empty reservoir) 0.500 foot. 
(Remember that the first filling the reservoir was only elevation 4650, 
the second filling was maximum pool elevation 4700). When the reser- 
voir was drawn down the rebound was 0.195 foot, for residual deflection 
0.305 foot. This rebound amounted 43% the deflection occurring 
during the second filling, 39% the total deflection from empty reservoir. 

The other points moved manner similar that except that 
during the first drawdown the reservoir they rebounded position up- 
stream from their initial position with empty reservoir. The amount 
such movement these points was: 


Sta. 0.025 ft. 
0.055 ft. 
0.035 ft. 
none 
0.030 ft. 
24400 0.017 ft. 


This phenomenon hard explain. The thought immediately occurs that 
error was made establishing the points. However the series readings 
made these points prior to, and during, the first filling the reservoir 
show indication that such was the case. The other idea that has been 


CHERRY VALLEY 


00+8 


STATIONS 


358 
NN 


CHERRY VALLEY 359 


advanced that due unequal settlement between the upstream and down- 
stream portions the embankment there net movement upstream 
direction the crest the dam. understood that similar movements 
have been observed other dams and hoped that this symposium may 
produce answer why. 

The ratio the maximum recorded downstream deflection the height 
the embankment each point shown the following table. the case 
the points which have shown net movement upstream, the amount such 
movement has been added the maximum recorded downstream movement 
since the total movement during the second filling the reservoir started 
from the upstream position the points. Also shown the percent recovery 
each point the reservoir was drawn down: 


Maximum Deflection 
Deflection after 
Drawdown 


0.120 ft. 0.025 ft. 


0.245 0.075 10% 
12+00 0.415 0.220 
16+00 0.500 0.305 39% 
20+00 0.295 0.170 42% 

0.052 0.017 


Fig. shows the horizontal deflection various dates, These curves il- 
lustrate quite graphically the movement that has occurred the crest the 
dam the reservoir has been filled and emptied. 

The significance the dates follows: 


July 1956 Reservoir filled for 1st time (to elev. 4650) 
February 1957 Reservoir drawn down elev. 4567 
July 1957 Reservoir elev. 4700 (2nd filling) 

April 1958 Reservoir drawn down elev. 4608 


From the above seen that insofar horizontal movement con- 
cerned the embankment behaves some extent elastic body. the 
load increases the horizontal deflection increases and the load decreases 
the deflection decreases. These deflections follow the water surface with very 
little time lag indicating that the embankment adjusts the increased loads 


quickly, but not quite soon would the case for perfectly elastic 
body. 
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DISCUSSION 


JOSEPH ASCE.—This paper describes central core 
rockfill type dam rock foundation having maximum utilization core 
material consistent with minimum total embankment volume. Under these 
circumstances the core will usually wider than that necessary hold 
seepage within the desired limits, the width dictated material 
availability and economic factors rather than permeability. The use 
drainage blanket under the core downstream the grout curtain frequent- 
advantageous this situation, the seepage pore pressures affecting 
the downstream slope stability may reduced with the lowering the 
phreatic line. The blanket assists relieving temporary pore pressures 
the lower portion the core developed during construction. Also, large 
proportion the seepage crosses the horizontal filter into the drainage 
blanket, rather than across the stacked filter, necessary without blanket. 
Placement the horizontal filter much easier control than the stacked 
filter, where the dangers contamination and variation thickness are 
much greater. reduction quantity filter material may achieved 
spite the greater area with the blanket included, particularly the phrea- 
tic line does not intercept the stacked filter. The thickness the horizontal 
filter may much thinner than the stacked filter because the method 
placement and improved control. The stacked filter cannot omitted en- 
tirely, but minimum practical width should provide adequate safety against 
any small hydraulic gradient across the filter resulting from relief con- 
struction pore pressures variation from the theoretical phreatic line. 
This was particularly important the case the high dam being con- 
structed for the Companhia Urbanizadora Nova Capital Brasilia 
Brazil, where the filter material had produced crushing and proces- 
sing quarried rock. was possible confine the theoretical phreatic line 
within the core zone the use blanket, thus requiring much thinner 
stacked filter than would have otherwise been necessary. The core was made 
wide possible for the desired stability with 2:1 slopes for the outer 
rock faces, the very impervious lateritic core material was much more 
economical than the quarried rock. slope 1:1 for the boundary the 
core and rock zone was found adequate, considering seepage and antici- 
pated construction pore pressures. 
The factors favoring drainage blanket were much greater Brasilia 
than the case the Cherry Valley Dam, however, the permeability 
the core material was considerably smaller and hence construction pore 
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pressures would dissipate less rapidly, and filter material was much more 
difficult obtain. Also, the economics placement thin stacked filter 
zones with greater hand labor would not advantageous this country 
elsewhere. 

The advisability drainage blanket for this type rockfill dam is, 
therefore, dependent many factors peculiar each situation which must 
carefully weighed terms cost and performance. 

The authors are congratulated the excellent performance 
Cherry Valley Dam, evidenced the very low values seepage and 
settlement during the period since construction. 


comprehensive treatment design, construction and operational features 
the 330 feet high central-core Cherry Valley Dam. The basic justification, 
the economic one, for the selection the central-core design clearly given, 
the cost the compacted decomposed granite place the core about 
one-half the cost freshly-quarried granite place the shoulders. 

would add the value the paper the authors would explain the justi- 
fication for the use earthquake allowance 0.05g the analysis sta- 
bility the rock slopes, view seismic activity the general area. 

The settlement the core the 323 feet high section, station 
over two-year period amounts 0.45 feet 0.14% the em- 
bankment height. the other hand settlement the upstream berm ele- 
vation 4580 amounts about feet. Even though the rockfill was placed 
relatively low lifts feet, seems have been well sluiced. Consequent- 
the differential settlement appears have been much more significant 
than the shallow cracks between the core and the transition zone would indi- 
cate. Could this have been due the manner which transition material was 
placed during the summer 1954? 

The authors’ observations deflection the dam under load and the sub- 
stantial rebound when the reservoir was drawn down are most valuable and 
unusual, The net upstream movement the several stations which 
measurements were made, except station 16+00, indeed hard explain. 
Certainly the hypothesis unequal settlement between the upstream and 
downstream portions the embankment causing net movement up- 
stream direction the crest the dam difficult acceptance. The be- 
haviour the dam imperfectly elastic structure under horizontal load- 
ing also rather unusual view the nature the core material, described 
being 95% silty sand, rather natural result its origin deep chemical 
weathering granitic bedrock. 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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ASCE.—Mr. Dodd’s comments the use horizontal drainage blanket 
under the core downstream the grout curtain impervious core rock- 
fill dam indicative the variety arrangements that may used with 
this type dam. The use horizontal drainage blanket under the down- 
stream third the core was considered for Cherry Valley Dam for the rea- 
sons given Mr. Dodd, namely lowering the phreatic line the down- 
stream portion the core and the possibility reduction the seepage 
forces acting the downstream face. However, the core slopes finally used 
were such that seepage pressures the downstream slope the core had 
appreciable effect the theoretical stability. more concern the design- 
ers was the question assuring tight cut-off along the line between the 
core and the rock foundation. The length contact would have been much 
less had horizontal drainage blanket been used. 

The method operation the reservoir also influenced this decision. 

The water level will not remain maximum elevation for more than month 
two each year. This not sufficient length time establish the phre- 
atic line its maximum theoretical position that the lowering the phre- 
atic line not important might otherwise. Though this was not 
considered the design, did influence the decision the use hori- 
zontal drainage blanket. 

view these considerations, was decided that horizontal drainage 
blanket would not used Cherry Valley Dam. The authors are full 
agreement with Mr. Dodd’s statement that the advisability horizontal 
drainage blanket dependent the factors peculiar each situation which 
must considered terms cost and performance. 

Mr. Lawton inquires the use earthquake allowance 0.05 for 
Cherry Valley Dam. The Cherry Valley region not subject violent earth- 
quakes. recently active faults have been found are known exist the 
region, and there evidence recent earthquake activity the vicinity. 
Inasmuch the dam founded upon bedrock the Sierra batholith, with its 
great mass hundreds cubic miles dense, sound rock, there little 
possibility large earthquake forces being transmitted the dam. For 


Mgr. and Hetch Hetch Water Supply, Power and Utilities Engr. 
Bureau, Public Utilities Comm., City and County San Francisco, Calif. 

Constr. Engr., Hetch Hetchy Water Supply, Power and Utilities Engr. Bu- 
reau, City Public Utilities Comm., San Francisco, Calif. 

Senior Civ. Engr., Public Utilities Comm., City and County San Fran- 
cisco, Calif, 
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these reasons seismic forces were not considered significant the de- 
sign the dam, hence the use coefficient 0.05 

Mr. Lawton also speculates whether not the method which the 
transition material was placed during the summer 1954 has contributed 
the differential settlement between the rockfill and the core. The writers be- 
lieve not, since differential settlement between the rockfill the the core in- 
herent central core rockfill dam. The method placement used 1954 
gave what amounted additional thickness transition material between 
the core and the rockfill which would ease this condition somewhat. noted 
that cracking along the top the dam has been reported other dams this 
type and not unique Cherry Valley Dam. 

bring the information the original paper date, additional settle- 
ment and deflection data are given herewith: 


June 17,1958 14, 1958 13, July 24, 1959 


Water Surface Elevation 


settlement 0.10 
Sta, 8+00 deflection 
settlement 02.8 
settlement 0.49 
settlement 0.44 
Sta, 20+00 deflection 0,20 0.28 
settlement 0.50 
settlement 


During the 1959 run-off season construction activities other parts the 
project required that the water the reservoir kept below elevation 4600. 
The 1959 run-off the region was below average which led early release 
the stored water that the present writing the reservoir has been 
drawn down the lowest point since its original filling. interesting 
note that the reservoir was drawn down the crest the dam moved back 
upstream past its position the end the 1958 drawdown. 
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matter interest set elevations taken July 24, 1959 the up- 
stream rock berms Due the large rock which the rockfill 
composed, rather difficult say what the exact elevation any 
point since adjacent rocks may vary foot more size and elevation. 
Hence the elevations recorded are estimate the average elevation the 
points. Conclusions the amount settlement point must keep this 
mind, also the fact that during construction the same difficulties were pre- 
sent and the berms were constructed average elevation eye rather 
than exact elevation instrument: 


4+00 
8+00 
12+00 
16+00 


list published articles the construction Cherry Valley Dam follows: 


“Bids opened August Cherry Valley Dam Project” 
Construction July 1953, pg. 
“Cofferdam built, contractors rush fill placement for Cherry Valley 
Dam” 
Construction June 1954, pg. 
“Cherry Valley Dam job shifts out high” 
Engineering News-Record, August 26, 1954, pg. 
“Largest hammer drills action Cherry Valley Dam” 
Western Construction, September 1954, pg. 
“Equipment geared for big fill job” 
Construction Methods and Equipment, September 1954, pg. 
“Cold storage for Sierra snow” 
Big (published Goodyear Tire Rubber Co., Akron 16, Ohio) 
volume 10, number pg. 
“Atkinson completing fill for Cherry Valley Dam; Spillway Outlet Works 
started” 
Construction September 1955, pg. 
“High, wide and wet” 
Excavating Engineer, November 1954 


Station 4670 4640 4610 4580 4550 
4670.4 
4669.5 4639.1 4609.7 
4669.0 4639.0 4608.5 4549.8 
4637.5 4607.4 4578.4 
4639.2 4610.0 4579.0 4550.5 
4639.4 
j 
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Paper 3076 


ROCKFILL DAMS: 
PARADELA CONCRETE FACE DAM 


and Nuno Vasconcelos Porto 


With Discussion Messrs, Barry Cooke; Armondo Paima Carlos; 
and Luis Henrique Gomes Fernandes, Edgard Oliveira, and 
Nuno Vasconcelos Porto 


SYNOPSIS 


The 361-foot high Paradela Concrete Face Rockfill Dam forms part the 
hydro-power development Northern Portugal. The paper discusses the se- 
lection site and type dam, describes the design and the construction de- 
tails and procedure, and presents performance data, 


GENERAL CONSIDERATIONS 


The hydro-electric development the River and its tributary the 
Rabagao, which the Hidro Eléctrica C4vado, the concession- 
ary, situated the North Portugal district where the drainage area 
those rivers has average annual rainfall about 2.100 (82.7 in.). 
(See 


essentially printed here August, 1958, the Journal the 
Power Division, Proceedings Paper 1747, Positions and titles given are those 
effect when the paper discussion was approved for publication Transactions. 

Tech. Dir., Civ. Engr., Hidro Eléctrica Cavado, S.A.R.L., Porto, 
Portugal. 


Tech, Sub-Dir., Civ. Engr., Hidro Eléctrica Porto, 
Portugal. 


Civ. Engr., Hidro Eléctrica Porto, Portugal. 
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The utilised differences water level lie between the elevations 903 
(El. 2,963 ft.) for the River, 888,7 (El. 2,916 ft.) for the 
River and (El. 135 ft.), the corresponding gross heads being 862,0 
(2,828 ft.) and 847,7 (2,781 ft.), respectively. 

The hydrological system which practically uniform all over 
the country with generally low flows summer time, well the scarcity 
coal and its poor quality, gave rise the idea development scheme 
capable providing high water storage. Accordingly, number storage 
developments were planned culminating the Alto project, whose 
big reservoir, spite its relatively small drainage area, fully justifies it- 
self economically. fact, the 781 106 m3. (633,000 acre. ft.) storage the 
Alto reservoir provides for storage energy 1.364 106 kWh. 
taking into consideration, course, the heads the downstream develop- 
ments. the Portuguese grid system will have its disposal considerable 
amount energy reserve provide for possible dry years, fact great- 
importance remember that the total Portuguese demand 1964, the 
year which the project will concluded, will about 4.3 109 kWh. 

The general characteristics the various projects this scheme are 
shown Table 


The Paradela Project 


The Paradela project was the fourth carried out the Hidro Eléctrica 
(See Fig. 

This development with dumped rock-fill dam the valley the 
Cavado creating reservoir with capacity 158 106 (128,000 acre. 
ft.) and area 380 ha. (939 acres). The water diverted unrein- 
forced concrete lined pressure tunnel which only steel lined certain 
sections, either where there are bad rock characteristics where the head 
greater than 110 (361 The inside diameter this tunnel varies 
from 2,80 (9.2 ft.) 2,25 (7.4 ft.) anditstotal length 9,5 km. (31,170 
Near the reservoir there caterpillar gate with 2,50 3,80 

(8.2 12.5 ft.) and steel trash rack operated intake shaft. The tunnel 
intake has fixed reinforced concrete trash rack. 

Near the end the underground works there butterfly valve placed 
chamber, protect the open air Upstream from this valve 
located shaft surge tank with compensation galleries and open air ex- 
pansion tank. 

The penstock layout has slightly inclined section, amounting 1.350 
(4,429 ft.) followed 570 (1,870 ft.) steeply inclined section. Its diame- 
ter varies from 2,35 (7.7 ft.) 2,05 (6.7 has expansion 
joints and its variations length due temperature changes are made possi- 
ble the distortion the penstock the bends; the straight sections, the 
tendency expand contract taken the internal stress the pipe. 
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The water, after passing through in-line self-closing valve erected 
the Vila Nova power station, operates 117.000 H.P. Francis turbine which 
has Htz., 60.000 kVA., generator coupled its shaft. case need the 
water from the Paradela reservoir can operate one the three Pelton sets 
normally operated the Venda Nova reservoir water (39.000 H.P. turbine 
and 30.000 kVA. generator.) 


The Paradela Dam 


After selecting the stretch the River where the dam was 
constructed, its final location was chosen after comprehensive geological 
survey carried out find the most favourable conditions. However, the very 
varied weathering the granite, and the numerous faults which exist many 
different directions, and often show gouge material considerable and vary- 
ing thickness, resulted any type rigid dam being out the question, even 
those which, like buttress dams, might stand more distortion the foun- 
dations. 

Owing the total absence this area earth suitable for the construction 
earth dam, even for sloping core rock-fill dam, these solutions were 
also found out the question. 

So, the only solution left was rock-fill dam with reinforced concrete im- 
pervious membrane the upstream face. This was the one finally adopted 
and constructed. Besides, the fact that there was good granite quarry about 
km. from the site, added the practicability this solution. 

After preparing first study the dam, the authors this paper went 
study visit the U.S.A. for the purpose visiting similar projects. Ac- 
cordingly, they visited 1954 some the most interesting projects carried 
out that time the U.S.A. They take this opportunity putting 
record their gratitude their American colleagues who gave them such 
kind reception and greatly helped them their mission. 

well known that the countless problems raised the construction 
this type dam cannot mastered either calculations experiment. 
And the plans must drawn empirically, based the teachings ex- 
perience acquired either the execution of, observing the behaviour 
similar projects already carried out. 

The plan the Paradela dam, with its maximum height 110 (361 ft.), 
was mainly inspired those the Salt Springs—maximum height 100.0 
(328 ft.)—and the Bear River—maximum height 73,2 (240 ft.) dams, both 
belonging the Pacific Gas Electric Company; the required extrapolation 
being justified the fully satisfactory behaviour the former (built 1931), 
proved chiefly its many years service. 

would point out here that the maximum height the dam was lowered 
from the initially foreseen 112 (367.5 ft.) 110 (360.9 ft.), result 
the glory-hole spillway having been relieved the construction 
second spillway, which made possible reduce the freeboard required for 
the regularization the maximum estimated flood. 

its general lines, (Fig. 2), the dam consists dumped rock-fill em- 
bankment made watertight impervious reinforced concrete membrane 
placed the upstream face over layer placed rock used for better 
distribution the reaction the dumped rock-fill the membrane. 
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The seepage through the foundation prevented means grout 
curtain cement and silicates varying depth according the hydrostatic 
load and the quality the rock. The connection between this curtain and the 
watertight membrane covering the face secured concrete cutoff wall 


poured into open trench running along the base the upstream face the 
dam. 


Foundations 


already mentioned, the site where the Paradela Dam located has 
granite foundation with variable degrees weathering. means ex- 
tensive excavations—about 370.000 m3. (480,000 cu. yd.)—the foundation area 
was regularized and the most weathered rock was extracted, although some 
patches rather weathered granite were still left. 

The following treatment was applied these patches which might 
eventually eroded leakages from the curtain: After cleansing jet 
water, the ground was covered layer hard granite over which the rock- 
fill would later dumped. This procedure aimed double effect. the 
first place was intended provide the foundation with protection layer 
against soil erosion caused eventual leakages; this achieved the fill- 
ing the voids the crushed rock layer with the fines carried the 
copious sluicing during the dumping the rock-fill. the second place, 
lessens the settlement the rock-fill where this due the penetrating 
rock points small surfaces into relatively soft foundation. fact, the 
stones will then rest upon larger surface obtained the expense the 
distribution afforded the crushed granite cushion. 

the areas where the foundation weathered granite was sloping and did 
not allow the cushion granite remain position, all the more because 
had resist the impact great blocks, dry rubble wall had con- 
structed which would support the steeply sloping crushed granite. 

The faults appearing the surface the foundation also had proper- 
treated, avoid the erosion their granite gouge and their more 
weathered edges leakages through the banks. 

carry out this treatment the faults and their surroundings were cleaned 
depth cm. ft.) and the material taken out was replaced filter 
sand and calibrated crushed granite placed layers and covered with 
layer “cyclopic” concrete. 

far the treatment the foundation concerned should pointed 
out that there was area the left bank, near the downstream foot the 
dam, where the granite exists almost horizontal layers alternatingly hard 
and weathered. avoid the washing away the material the layers 
greatest weathering waters coming through the banks, supporting wall 
concrete was built with maximum height about 10,0 (32.8 ft.), which 
could support filter made various layers sand and crushed granite 
prevent the smallest fines from escaping into the rock-fill. 


Location and Shape the Dam 


The location the dam was fundamentally accordance with geological 
requirements because was decided that the cutoff wall should located 
area less weathered rock. Even so, was necessary excavate 
some places depth (49.2 ft.). 
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plan, the dam the form curve. (Fig. This curvature in- 
tended produce, means the arch action, the following results: op- 
pose the opening the vertical joints and the tendency that has been verified 
for the rock-fill move towards the centre the valley. Accordingly, the 
dam defined horizontal directrix, formed two branches hyperbo- 
las tangent their vertices which coincide with joint 15. The hyperbola was 
chosen because curve concentrating the curvature near its vertex and 
was important have more curvature the central and lower part the 
dam where the distance between the banks less. 

The vertex the hyperbola was fixed joint because the greatest 
settlements were expected the profile this joint, for although the profile 
the dam not greater height the upstream side, its vertical 
plane that find the longest “columns” rock-fill that will have transfer 
the water pressure the foundation. 

profile (Fig. the upstream face the placed rock was defined with 
uniform inclination 1,3/1 (1,3 the horizontal and the vertical) and 
the downstream face would have the natural slope the rock-fill, and this, 
moreover, was found practically the same value that assumed 
above. consideration the extremely slight seismic activity the region 
and the expected good loose rock-fill dumping, objection was seen leav- 
ing the downstream face with the natural rock-fill slope, much that with 
the width planned for the crest and with the extra height 2,00 (6.6 ft.) 
anticipated the central and highest part the dam—in expectation the 
vertical settlement—the width the base corresponding the downstream 
slope, commonly planned 1,4/1, was practically attained. 

the other hand, expected, the safety the downstream toe the 
dam increased result the process construction adopted. reali- 
the dumping lifts from very great height causes lessening the 
slope the lower part because the great distance that the big rocks the 
rock-fill roll after the fall from such great height during which they have 
acquired considerable kinetic energy. 

The crest was planned with 7,75 (26.4 ft.) width, 0,75 (2.5 ft.) being 
for sidewalk the upstream side, 6,00 (19.7 ft.) for roadway and 1,0 
(3.3 ft.) for berme the downstream side. 

Following the example the Bear River Dam No. the profile the up- 
stream side was not made concave because the distribution the settlements 
the rock-fill under the action water pressure would provide this ad- 
vantageous curvature. 


The Placed Rock 


great deal interest was attached the placed rock layer intro- 
duced between the loose rockfill mass and the reinforced concrete face the 
upstream side. The excellent workmanship available Portugal made fine 
results possible this kind work. (Figs. and 4). 

Considering the height the dam, was thought that this layer should 
thick, that the reactions the loose rock-fill should well distributed, 
and variable thickness increasing with the depth according the law: 


or: 
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which “h” the distance the crest and “e” the thickness measured 

the normal the face. Hence, have, the lowest level the dam, layer 
(28,2 ft.) or, measured horizontally, approximately 14,00 (45.9 
ft.). 

Where the placed rock-fill comes contact with the foundation, that is, 
near the cutoff wall, special layer, 1,00 (3.3 ft.) thick, was made which 
the voids between the rocks were filled with concrete. was intended, 
this means, get better distribution the ground the pressures trans- 
mitted the concrete face while the foundation was the same time protect- 
ed, the neighbourhood the connection the concrete face with the cutoff 
wall, from the erosive action eventual leakages, the energy which not 
lost passing through the placed rock. the same time, prevents the 
grout from escaping into the rock-fill the neighbourhood the cutoff wall, 
during the execution the grout curtain. 


The Cutoff Wall 


stated before, the cutoff wall ensures the connection between the grout 
curtain and the concrete face. Besides, prevents the leakages which, under 
the water load, might take place either through the surface the foundation 
through soil immediately below the latter. 

Given the characteristics the foundations, was thought necessary 
provide for inspection gallery the body the cutoff wall along almost 
the whole its length. (Fig. thus possible control means 
conveniently placed drains the behaviour the foundation grout curtain, 
well carry out repairs the said curtain, even with full reservoir. 
Owing the very nature rock-fill dams would impossible carry out 
such inspections any other way. 

The necessary “gabarit” for the work the gallery required that its cross- 
section should have 2,50 (8.2 ft.) height and 1,70 (5.6 ft.) width. 

was also decided that the minimum thickness the concrete between the 
gallery walls and the foundation the reservoir water should vary,according 
the elevation, between 1,85 (6.1 ft.) and 2,00 (6.6 

the other hand, was determined that the development the concrete 
rock contact line should least equal 15% the head corresponding 
the water load the section, provide sufficient length for the water 
percolation. 

the high parts both banks, and economize excavations, 
mainly the left bank where they reached depth (49.2 ft.), the lo- 
cation the cutoff wall was moved downstream and was constructed over 
the placed rock. the final part the right bank, between joints and 37, 
the cutoff wall was designed without inspection gallery was part under 
slight pressure and easily accessible result the normal operation 
the reservoir. 

Between consecutive connecting joints the face the cutoff wall was poured 
two blocks enable the concrete contract without structural damage. 
The joints between these blocks, addition the connecting keys, were fit- 
ted with water seals, made sheet copper the outer perimeter and mild 
steel sheets the perimeter the inspection gallery. Compartments were 
thus formed which could filled with cement grout and watertightness 
was guaranteed. 
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The inspection gallery the cutoff wall has accesses: the top the 
left bank, the bottom the dam, and the bottom the col the right 
bank. The latter two also allow the drainage eventual leakages and the 
water collected the inspection drains the grout curtain. 

The access galleries from the banks were concreted open-air trenches 
the foundation and afterwards covered the rock-fill. The access the 
bottom the valley through tunnel open the hillside. 

the cutoff wall two drains were installed permit the inspection the 
whole the concrete face. That the bottom the dam, close the access 
gallery, allows the water contained between the dam and the upstream coffer 
dam emptied while the inflow the river diverted through the outlet 
the bottom the reservoir. This drain constituted two pipes, cm. 
ft.) diameter, each one fitted with two valves series. The other drain, 
installed the lowest point the right bank col, permits the drainage the 
dead volume between the dam and the surface; fitted with only 
one pipe, cm. (7.8 in.) diameter, with two valves series. 


The Impervious Membrane 


The impervious membrane the rock-fill the delicate point this type 

effect, the rock-fill subject large scale settlements, not only 
during construction result its own weight, but also later owing 
this same weight and the hydrostatic pressure, becomes necessary give 
the impervious membrane the maximum possible flexibility that can 
follow such large deformations without damage. 

The problem naturally solved when earth facing employed and, the 
case dams small and medium height, its solution comparatively simple 
sufficiently elastic materials (such timber, steel bituminous concrete) 
are used. However, becomes more difficult when the concrete, either 
plain reinforced, given the role making the dam watertight, the 
case Paradela. 

Here the flexibility obtained dividing the impervious membrane into 
slabs means open joints, some along horizontal lines, others along the 
slope. The watertightness these joints secured the use appropri- 
ately shaped copper sheets embedded into the concrete the adjoining slabs. 

The impervious membrane reinforced concrete varies thickness with 
the depth, accordance with the law: 


where “h” the depth relation the crest the dam. 

consequence this law the impervious membrane has thickness vary- 
ing from 0,30 ft.) 1,10 (3.6 ft.) measured the normal the 
concrete face, thus guaranteeing thickness concrete always greater than 
the hydrostatic load, which has been proved, other enterprises, 
sufficient prevent the passage water. 

for the reinforcing steel, the calculation which necessarily fallible 
because must based the computing relative settlements which can- 
not predicted with accuracy, also based the experience acquired 
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similar enterprises. This experience has shown that mesh density corre- 
sponding section 0,5% the concrete section, both directions (hori- 
zontal and the direction the slope), sufficient. 

This how has been done Paradela, the reinforcement being placed 
one two layers according the thickness the concrete, bars being 
used the lower levels (where the concrete thicker) and 3/4" bars the 
upper parts. 

can seen 7,and the Paradela dam has horizontal 
joints placed about and (32.9 and 49.3 ft.) interval, the shortest be- 
ing the lower and central parts the dam where the greatest settlements 
are expected. The joints along the slope are spaced (49.3 ft.). 
the same figures can also seen details the different types joints. 

The copper sheet used seal the joints 1,5 mm. (0.059 in.) thick 
those below elevation 690.50 (El. 2,265.5 ft.) and 1,0 mm. (0.039 in.) the 
rest. The part the seal embedded the concrete varies dimension ac- 
cording the joint and its elevation: 274 mm. (10.7 in.) and 224 mm. (8.7 
in.), depending whether situated above below elevation 690,50 (El. 
2,265.5 ft.), the vertical joints;* and, the horizontal joints, 281 mm. (11 
in.) when below that elevation and 231 mm. in.) when above. 

The horizontal joints, all them with cm. (1.2 in.) openings, are filled 
with timber boards that, owing their great deformability, absorb part 
the deformation the face which tends close such joints; this way 
attempt made avoid the crushing the concrete around these joints 
phenomenon observed some facings already constructed and tried), and, 
the same time, the relative rotation adjoining slabs made easier without 
the above mentioned disadvantage. 

order avoid squeezing the groove the copper seal when the joint 
closes, steam packed cork board placed against, and glued to, one its 
sides. the other side strip “rubberoid” prevents the mortar from 
entering the space between the seal and the timber, can Fig. 

the vertical joints, the opening has cm. (2.7 in.) the 
central part the dam where the curvature greatest, and 2,5 cm. in.) 
the lateral and lower parts. 

Downstream from the seal the joint opening filled with steam packed 
cork board and the groove protected against squeezing the same way 
the horizontal joints. 

Upstream from the seal the opening widens and (7.8 and 5.9 
in.), respectively above and below elevation 690,50 (El. 2,265.5 ft.), and 
this widening may eventually filled, case need, with waterproof ma- 
terial guarantee better watertightness. 

The connection between the impervious membrane and the cutoff wall 
particularly delicate. fact, have seen, attempt made give the 
curtain the greatest possible flexibility allow follow the unavoidable 
settlements the rock-fill, which reach their maximum the central section 
the dam but slowly decrease degree. However, the cutoff wall fixed 
and practically rigid and, therefore, the impervious membrane may eventually 
have withstand important differential deformations near it. 

Salt Springs Dam, during the first few years after construction, numer- 
ous cracks appeared the area near the junction the face with the cutoff 


*To facilitate description, “vertical joint” means joint along the slope. 
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wall and more less parallel the junction line. This fact was attributed 
the excessive rigidity the face area submitted large differential 
settlements. 

Accordingly, later projects was thought give the curtain even 
greater flexibility that area the use perimetric joints parallel the 
junction with the cutoff wall, thus forming sort articulated frame which 
the face inserted. 

Bear River Dam the use such perimetric joint practically stopped 
those cracks from appearing. 

Paradela the face was constructed with two perimetric joints: one, 

4,50 (14.8 ft.) away from the junction with the cutoff wall, extends about 
elevation 725,00 (El. 2,378.7 ft.); the other, distance 3,00 (9.8 
ft.) from the first, therefore 7,50 (24.6 ft.) away from the junction with the 
cutoff wall, goes elevation 695,00 (El. 2,280.3 ft.) approximately. 

The existence the large differential settlements referred to, made 
necessary that the perimetric joints and the bottom joint with the cutoff wall 
should able not only open and close like the others but also withstand 
stronger rotations. 

Another phenomenon occurs some rock-fill the Paradela Dam 
will one them—that influences the type joint used the junction 
with the cutoff wall, and the perimetric slabs. fact, the case very 
high dams comparatively narrow valleys, there appears tendency for the 
rock-fill slide from the banks towards the centre the valley. This 
movement the rock-fill, although partially opposed the arch action that 
the curvature the dam intends produce, stated before, may carry with 
the impervious membrane and cause sort sliding the latter relative- 
the cutoff wall which, being rigid and embedded the foundation, can 
considered fixed, said. This same sliding can also occur the perimetric 
joints. 

However the copper seal bent, does not easily follow this sliding which 
can, reaches great proportions, lead the tearing the seal and the 
failure the watertightening system. This problem assumes greater im- 
portance the joint between the impervious membrane and the cutoff wall, 
where, the latter being fixed, the differential slidings will greater. the 
Bear River Dam, for example, attempt was made overcoming this draw- 
back interlocking the hinge slab and the cutoff wall means keys 
order prevent such sliding However, this equivalent 
transferring the problem from the junction with the cutoff wall the peri- 
metric joint. 

Paradela, preference solution this type, these joints (the joint 
the cutoff wall and the perimetric joints) were designed follow all 
possible movements, isolated simultaneous. believed that this aim 
was achieved with the help double watertightening system: appropri- 
ately folded copper sheet and, the event its failure, fairly deformable 
material with great power adhesion the concrete and the copper, made 
with base unvulcanised natural rubber 

The copper seal, either 1,5 mm. (0.059 in.) mm. (0.039 in.) thick- 
ness according whether the joint below above the elevation 690,50 
2,265.5 ft.), has, can seen Fig. double groove: one welded 
the parts embedded the concrete, and the other, free inside the first, 
addition covered the free extremity the two embedded parts. 
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Immediately above the copper seal, the opening the joints cm. 
in.) wide and filled with “Guttaterna” depth cm. (3.9 in.). 

the event the first groove the copper seal being ruptured owing 
serious differential sliding, the second prevents the “Guttaterna” from es- 
caping, under the hydrostatic pressure which reaches more than kg/ 
(142.2 psi.) the lower part the dam, and result its great plasticity, 
into the interior the dam thus leaving open way for the water. 

order protect the from the heat when the reservoir 
empty partly filled, board, fixed small clamps one the slabs, runs 
along the joints leaving opening only cm. in.). 

The opening these joints below the copper seal cm. (1.2 in.) wide 
and filled, the horizontal joints, with timber board. the re- 
maining joints, the groove the copper seal also protected against squeez- 
ing and steam packed cork board. 

the joint connecting the face the cutoff wall, and order facilitate 
the movements the former without crushing the concrete, sheet steam 
packed cork board, cm. (3.1 in.) thick, placed between the face and the 
cutoff wall. 

The copper seals that make the watertightening system the joints 
must continuous along all them. Only this way can they entirely ful- 
fill their function. 

Accordingly, easy understand that the points where any two joints 
cross give origin particularly difficult problem. The continuity the 
copper seals meeting such points must maintained, regardless their 
shapes dimensions and the movements which they may subject and 
which may contrary: one joint opening while the other closes. 

some American dams already constructed (Salt Springs, Dix) the seals 
the vertical joints have been kept continuous while, the meeting points, 
the seals the horizontal joints have been flattened and then welded those 
the vertical joints. The different movements liable occur there were, 
thus, deliberately ignored, and the copper seal was, manner speaking, 
abandoned its own fate. 

This was done both the crossings the above mentioned joints and 
the points where they met the cutoff wall joint or, the case the Bear 
River Dam, the perimetric joints. 

Paradela attempt was made solve the problem means the 
specially designed pieces shown Figs. The problem be- 
lieved have been satisfactorily solved this way, because the continuity 
the copper seals secured and the piece has enough deformability allow 
adapt itself all movements expected. 

There special piece for each different crossing and must respect 
the direction the joints meeting there. There are even pieces with only 
branches, such those used the crossings with the joint between the 
concrete face and the cutoff wall. 


The Crest 


Above the level the crest and the upstream side coping wall, 
1,40 (4.6 ft.) high was constructed give the necessary protection against 


the overtopping the dam waves that might originate the surface 
the reservoir. 
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FIG, SEALS, DETAIL SPECIAL SEALS CROSSING PIECE 
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it 
383 
j 
q 
| 
t 
q 
| 


384 PARADELA DAM 


This coping consists pre-fabricated reinforced concrete slabs, cm. 
(4.7 in.) thick, fitted groove planned for this purpose the top the 
concrete face. The length these slabs about 2,3 (7.5 ft.), and the 
side ends they finish columns, also reinforced concrete, joined the 
concrete face. Above, the coping finished with sill reinforced concrete, 
also pre-fabricated. The allowance made the various grooves and the 
tarred rope caulking around the slabs make the dam movements possible 
well the eventual readjustments that might necessary. 


General Aspects the Construction 


The Quarry 


has been already mentioned, granite quarry was used for the con- 
struction the dam. This quarry about (1.2 miles) away ina 
straight line from the dam, (Figs. and 13) but for the transport the rock 
was necessary make road, 4,5 km. (2.8 miles) long with the minimum 
width 9,00 (29.5 ft.) provide easy transit for lorries. must not- 
that proved worthwhile, taking European economics into consideration, 
lay asphalt surfacing reduce the wear and tear lorry tyres. 

The quarry was first worked two levels: the lower being (131 ft.) 
high and the upper one heights varying between (197 ft.) and 
(131 stage the (131 ft.) high prism rock, remaining 
after the previous operations, was worked. the opinion the authors 
that this type quarrying with such high banks ought avoided owing 
the considerable danger involved. 

For the placing the explosives, compressed air drills were used 
type which the motor itself together with the “bit” goes down the hole which 
has diameter cm. in.), thus making long drills economical without 
wasting mechanical energy transmitting from the opening the bottom 
the hole. 


The chief equipment the quarry was follows: 


Compressors 500 

Drilling Machines STENWICK 

Shovels LIMA, 3-1/2 cu. yds. 

Bulldozers CATERPILLAR D-8 


The transport equipment consisted Euclids tons, fitted with hydro- 
During some periods this equipment was reinforced Cyclops 
tons). 

may mentioned here that for the payment the rockfill price was 
fixed per cubic meter, measured the quarry, including all the operations 
for extraction, loading, transport, unloading and sluicing. The waste was also 
paid for another price per cubic meter dumped the place destined for it. 
this way was easier estimate the amount work paid for. The 
volume the waste this dump measured and the result reduced rock 
“in situ”, applying coefficient corresponding the rate volume in- 
crease. This coefficient determined weighing the material taken from 


various test pits made the dump and previous knowledge the density 
the rock. 
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FIG, FACE (STAGE 


FIG, 12,—CONSTRUCTION OPERATIONS FOR STAGE (NOTICE 
THE QUARRY THE RIGHT BACKGROUND) 
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FIG, VIEW LOOKING DOWNSTREAM, THE END STAGE 
(NOTICE THE GLORY-HOLE SPILLWAY, THE AIR SHAFT AND THE 
QUARRY) 


FIG, 14,—GENERAL VIEW LOOKING UPSTREAM, STAGE LIFT FINISHED (NOTICE 
THE RIGHT BANK THE DEPOSIT FINES REMOVED FROM STAGE 
LIFT, THE PORTAL THE SPILLWAY TUNNEL AND THE OUTLET BUT- 
TERFLY VALVE) 
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this way the owner will able take action without prejudicing the 
contractor. 

the total volume rock extracted, about 20% was waste considered 
such. This percentage exceeded the original estimate and was due not only 
geological the quarry area but also the rejection the fines 
resulting from the blasting the rock. 

This last problem—to separate the fines which are inevitable the quarry- 
ing and estimate the percentage they represent higher than that allowed 
the specifications—seems the hardest solve owing the countless 
difficulties raised the continuous supply material requiring simultaneous- 
such great number workmen and much equipment. The authors are 
the opinion that only training and professional consciousness the part 
the excavator operators together with careful supervision, both those di- 
recting the work and the contractor, can solve this problem owing the diffi- 
culty controlling the way the specifications are being carried out. 

The production peak the quarry with the equipment described reached 
10000 tons per hour working day. 

the dumping the loose rock-fill the only point worthy note seems 
that the sluicing water used the Paradela Dam during the dumping was 
equivalent volume four times the volume the dumped rock, measured 
the dam. 

make the sluicing operations easier the monitors were placed the 
ends overhanging booms balanced counterweight, the whole forming 
easily movable structure wheels. All movements the monitor around its 
vertical and horizontal axes could remote-controlled. 

The arrangements described made possible sluice straight the 
dumping from the trucks and this proved the most efficient way re- 
moving the fines not separated the quarry. 

will described later, very high lifts were employed from relatively 
narrow tracks about (65.6 ft.) wide. This procedure made possible 
make successive partial fillings the reservoir and resulted great 
compaction the rock-fill. 

Not only did the rocks, when falling from great height, break their sharp 
points the successive impacts but tremendous vibration energy was com- 
municated the whole when there were extensive slides rock-fill. These 
slidings arose from the fact that unstable slopes had been formed the dump- 
ing slope owing the successive accumulation piled rocks. 
dump broke the equilibrium, large masses were set motion and caused 
tremendous trepidation, estimated last about two minutes and sometimes 
more, 

The disadvantage dumping large volumes rock-fill from 
that the accumulation fines that segregate the very moment the 
trucks are unloaded. 

get idea the depth the area would necessary take away 
because did not guarantee good contact between big rocks without interpos- 
ing fines, experimental test excavations were made about (19.7 ft.) but 
concrete conclusions could not really drawn observation was very diffi- 
However, that depth there seemed greater percentage big 
was then decided take away all the fines layer (19.7 ft.) 
height the upstream side and (6.6 ft.) the downstream side, as- 
suming that would preferable achieve homogeneity the quality 


the dumped rock-fill order ayoid differential settlements harmful the 
concrete face. 


q 
q 
| 
q 
q 
q 
| 
{ 
T- 


388 PARADELA DAM 


This deep treatment was only carried out the first stage lift elevation 
700 2,297.7 the other lifts, the elevations were greater, 
lighter treatment was carried out, the transit layer for the lorries being re- 
moved and finally, monitor jet treatment the rock-fill, the big rocks 
which the later dumpings from other lifts would rest were this way left 


The Placed Rock 


The placed rock layer was constructed with the help cranes working 
simultaneously different levels, and the adequate rock was supplied 
dumping from the construction tracks the lifts (Figs. and 4), The rock 
utilised was always the largest available that could handled the 
equipment installed; the voids between large rocks were filled with hand- 
placed rocks kgs. (55 lbs.) weight. The remaining voids were filled 
with in.) hard crushed granite. 

One problem that required attention was the accumulation fines the 
area contact between the placed and the loose rock caused the fines ac- 
cumulated the construction lifts (Fig. 14) being carried down when the 
lorries dumped their supply rock for the construction the placed rock 
layer. With the use monitors, and even hand excavation, those fines 
were removed order uncover the large rocks the loose rock-fill 
against which the placed rock rested. The supply rock each place 
work was not without some difficulties chiefly the areas furthest from the 
lifts because the rocks reached great velocity and were the risk falling 
along the upstream face the placed rock the part the impervious 
face already concreted. With the previous placing large blocks forming 
retaining wall, constructing strong timber defences, this problem was 
overcome and very few large stones went beyond this fixed limit. 

should further noted that the joints between the rocks the upstream 
face the placed rock were filled with poor cement mortar prevent the 
laitance the concrete the impervious membrane from escaping during 
placing. 


The Impervious Membrane 


The concreting the face (Figs. and 12) did not present any special 
problems. The concrete used contained 300 kgs. per cubic meter (505 lbs. 
cu. and was made granite aggregates from the quarry, crushed 
“Almacoa” installation, and mixed “Winget” tower with two cu. yds. 
concrete mixers. The concrete was transported two radial cable cranes 
tons each with two movable and one fixed towers. 

The forms the upstream face were made sliding panels covering the 
distance between vertical joints and having about 1,50 (4.9 ft.) along the 
slope. They were supported guides fitted the ribs under the vertical 
joints steel beams resting above and below the horizontal joints that 
limited the slabs being concreted. Manual cable winches pulled the forms 
successive steps, 0,70 (2.3 ft.) time. 

can seen Fig. step was left the concrete along the horizontal 
joints the membrane. Besides facilitating the access for inspecting re- 
pairing face, this feature also gave sufficient head the concrete “liqui- 
fied” vibration, for get under the sides the copper seal. Air could 
escape through little openings made the forms the joint, the part below 
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the groove the copper seal. allow the escape the air which was still 
retained between the side and the groove the copper seal, because its 
position, some rubber tubes were left with one end the space filled 
with concrete. When the laitance began flowing from these tubes which were 
placed intervals about 1,5 (4.9 ft.), this space was considered 
adequately filled. 

the definite figures are not yet available, can only said that 
estimate, based measurements made the present over great surfaces 
the face, indicates total consumption, the face, theoretical concrete 
volume 24.900 (32,500 cu. yds.), which corresponds 7.900 m3, 
(10,300 cu. yds.) concrete beyond the theoretical 


The total weight copper used the construction, including the seals 
the cutoff wall comes tons. 


Construction Schedule 


The construction schedule the Paradela Dam was organised with view 
the possibility production energy even the course construction. 
Accordingly, the work was divided into four stages, follows: 


Stage 


2nd Stage 


3rd Stage 


Dumping loose rock-fill from lift (65.6 ft.) wide 
the elevation 700,00 (El. 2,296.6 ft.) 

Construction the placed rock elevation 680,00 (El. 
2,231.0 ft.) (Fig. 

Construction the reinforced concrete face elevation 
672,50 (El. 2,206.4 ft.) (Fig. 11) 

During this stage provisional spillway was provided (Fig. 15) 
using the same tunnel the final spillway. Also, later this 
stage, the storage capacity the reservoir was increased 
raising the spillway lip 3,00 (9.8 ft.) and making 
timber face elevation 678,50 (El. 2,226.0 
ft.). 

Dumping loose rock-fill from lift (52.5 ft.) wide 
elevation 730,00 (El. 2,395.0 ft.). 

Construction placed rock and concrete face the same 
elevation. (Fig. 12) 

During this stage the final spillway used, some 
openings having been left the funnel shape structure with 
crest elevation 725,50 (El. 2,380.2 ft.). 

Dumping loose rock-fill from lift with the theoretical width 
the dam elevation 738,50 (El. 2,422.9 ft.), its level 
varying between this elevation and 740,50 (El. 2,429.5 ft.) 
give the extra height 2,00 (6.6 ft.) designed for the 
profile across the valley. 

Construction loose rock-fill the elevation the con- 
struction crest. 

Construction the concrete face elevation cm. (19.7 
in.) below the elevation the construction crest. 

During this stage the same spillway was used the 2nd 
stage. 


4th and Final Stage Dumping from the construction crest the loose 


prism over the previous stage rock-fill. 
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SCARIFYED SECTION 
AND FINES REMOVED 


EL 24620 TO 7640 M (2.4344 TO 24409 FT) 
EL. 7385 TO %05 M (2.4229 TO 24295 FT) 
EL. 730.0 M (2,3950 FT) 
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% MEASUREMENT - 
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Construction the ridge the concrete face slabs and the 


coping wall. 


The openings the spillway structure were closed; henceforth 
flood control was done the glory hole spillway (Figs. and 
15), with its crest the final elevation 740,00 (El. 2,427.8 
ft.), and chute spillway fitted with radial gate and having 
its crest elevation 734,50 (El. 2,409.8 ft.). 


Energy Output 


Besides the value the reserve represented the successive storages 
which were being built each different construction stage, the following 
amounts energy were produced with the water the Paradela reservoir 


Venda Nova power house: 


Utilizing the 1st stage 88.0 kWh 
Utilizing the 2nd stage 62.2x 106 
Utilizing the 3rd stage 0.5x 106 


*Only with Paradela head. 


Behaviour the Dam 


Storage 


Run-of-river 
110 106 kWh 


Fig. shows some results observations carried out with view de- 
termining the movements the concrete face, and which can related the 


data the growth the dam given Figs. and 


some future occasion. 


about 34.800 m2. (41,600 sq. yds.). 
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All the permanent civil engineering works for the construction the dam 
were carried out the contractors, “Sociedade Empreitadas Obras 


Seeing that the dam has been loaded for very short time and that has 
not yet been unloaded, thus allowing further measurements, obvious that 
the elements now given have somewhat reduced value. Therefore, the publi- 
cation further observations made, and which hoped will use- 
ful contribution the greater knowledge this type dam, must left for 


However, would like point out that the total leakage measured with 


the level the reservoir elevation 730,15 (El. 2,395.5 ft.) has only 
reached 209,5 (7.4 for concrete face area, not yet rejoined, 


The grouting works were conducted “Sondagens Lisbon, 


The steel linings, the valves and the gates were supplied and erected 
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DISCUSSION 


BARRY ASCE.—The authors have presented valuable and 
comprehensive paper what presently the world’s highest concrete face 
rockfill They have graciously made references the influence the 
design and performance Pacific Gas and Electric Company’s Salt Springs 
and Lower Bear River the design their Paradela Dam and the 
selection the type dam. However, the design and construction P.G. and 
Wishon and Courtright Dams proceeded concurrently with that Para- 
dela Dam, and the purpose this discussion compare briefly the de- 
sign and construction P.G. and E.’s recent concrete face rockfill dams with 
that Paradela The design and construction the Wishon and Court- 
right Dams presented elsewhere. 


Foundation and Cutoff 


The weathered granite foundation Paradela very inferior the ex- 
cellent granite bedrock the sites the P.G. and dams. The use 
concrete bed under the placed rock and the use the gallery and drains 
the cut off wall Paradela considered prudent and logical difference. 
Lower Bear River Dam the placed rock was bedded concrete some local 
zones adverse slope inferior quality bedrock improve effectiveness 
grouting, provide insurance against blowout, and increase sliding re- 
sistance. 


Shape Dam 


The writer agrees with the authors’ reasons for the moderate curvature 
plan and that curvature important the central and lower portion the 
dam. However, the term “arch action” may not best describe the favorable 
action the curvature. The curvature should such that the resultant 
settlement normal the face will always leave slight upward curvature. 
More than this minimum curvature the lower and central area the face 
undesirable since the high water pressures, acting normal the face, tend 
push the face slabs toward the center the dam. Greater than minimum 
curvature and near the crest desirable for appearance and satisfactory 
since water pressures are nominal the upper portion the dam. line 


Superv. Civ. Engr., Pacific Gas and Electric San Francisco, Calif. 
“Rockfill Dams: Salt Springs and Lower Bear Concrete Face Dams,” 
Steele and Cooke, Transactions, ASCE, Vol. 125, Part 1960. 
“Rockfill Dams: Wishon and Courtright Concrete Face Dams,” Barry 
Cooke, Transactions, ASCE, Vol. 125, Part II, 1960. 
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across the face will shorten one several inches due the “flattening” 
the face caused the settlement. The placed rock lateral contacts are 
certainly not adequate even tend resist such shortening one several 
inches several hundred thousand foot length “arch action”. What 
visualized occur closing joints due the distance between ad- 
jacent vertical joint lines being shorter after settlement. The amount each 
joint closing from this cause may computed from the differential movement 
each slab between joint lines. the center the face where both ends 
the slab move about the same distance there joint closing from this 
cause. Near the abutment where differential movement greatest the joint 
closure due this cause greatest. The tendency close particularly the 
vertical joints near the abutments favorably tends offset the opening 
those joints the basic rockfill movements described the authors later 
their paper. 

The upstream face slope Wishon, 1.3:1 1:1, steeper than the 1.3:1 
slope Paradela and economically constructed with the use “face lifts”. 
Substantial cost savings were made Wishon and Courtright due the steep 
upstream slope and the use face lifts. The moderately more conserva- 
tive upstream face slope Paradela may part due the authors’ not 
wanting break other precedents along with the very major precedent they 
were establishing maximum height this type dam. The downstream 
slopes all three dams have resulted essentially 1.3:1 slopes the upper 
portion and 1.4:1 slopes the lower portion even though layouts and con- 
struction lifts were different. This occurs because the characteristic 
rockfills dumped from high lifts steeper the top than near the bottom 
the dumped slope, described the authors. 


The Placed Rock 


The placed rock Paradela substantially thicker than that Wishon 
and Courtright. Comparative thicknesses for Courtright and Paradela are re- 
spectively: top, 7.8 and feet; 100 feet down, 7.8 and feet and 
290 feet down 11.6 and 24.5 feet. The writer believes that the modern well 
sluiced and interlocked rockfill large rocks competent placed rock 
for upstream slopes 1:1 and flatter, and that minimum thickness placed 
rock satisfactory. The major saving Wishon over previous designs was 
the thin placed rock, since placed rock Wishon Specifications and the 
United States costs about times much dumped rock. Portugal the 
ratio may much smaller. would interest know the production 
rate cubic yards per 8-hour crane shift Paradela well the above 
cost ratio. Placed rock also tends govern the construction schedule unless 
minimum thickness, and thus adds costs that are not obviously charge- 
able the placed rock. The writer wonders the much thicker placed rock 
Paradela might not due lower cost Portugal and the unprecedented 
height dam and not emphasis its importance the designers. 

The authors describe the method placing rock from cranes the placed 
rock and the difficulties supplying the cranes with rock and removing 
the fines that accumulate the surface the dumped rock result 
supplying the placed rock from the face the dumpted rock. Experience 
Salt Springs and Lower Bear River was similar; the “face lift” method was 
adopted Wishon and Courtright avoid those troubles, give greater 
mobility the cranes and general lower the cost placing rock. 
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Rockfill 


The authors mention “extensive slides rockfill two minutes... 
etc.” The writer has observed surface slides during dumping where the whole 
dump surface may motion re-arrangement surface rock. The 
dumped slope very irregular and contains zones steeper than the average 
dumped slope. Occasionally load large sliding rock would set 
surface slide. However, from the writer’s observations these slides are 
the surface and they not endanger the rear tires the dump truck. They 
certainly provide valuable service compaction the fill and they testify 
the high shear capability the rockfill since the energy and vibration 
not start more substantial than surface slide. Does this agree with the 
nature slides the particularly high lifts Paradela? 


Impervious Membrane 


The thickness slab and reinforcing much the same for all high dams 
this type and experience has indicated the accepted design give satis- 
factory service and long life. The design features that can vary greatly are 
joint arrangement, spacing and design. The factors height dam and 
reservoir operation are major importance their influence the econo- 
mic spacing and design joints. The magnitude movements increases 
rapidly the 150 350 foot height range. More care design and higher 
cost necessary for joints that may unwatered only impairing normal 
reservoir operation for joints that may never unwatered. Wishon reser- 
voir will normally drawn down one-half depth each year, but could 
completely unwatered October any year should necessary. 
Courtright reservoir level will normally lowered only feet below full 
reservoir level each year with dry cycles requiring nearly full unwatering 
once perhaps six years. comparing the joint spacing and details 
Paradela and Wishon, the joints Paradela are more closely spaced, more 
elaborate and better. The application the above basic design criteria 
well the lower labor costs Paradela are believed the reasons. 

important consideration regarding the impervious face this type 
dam that cracks and leakage not affect safety and, should they occur, the 
membrane accessible. leakage occurs, and represents economic loss, 
the trouble can located and can repaired under water, the dry dur- 
ing normal specially scheduled lowering the reservoir. Since the main 
settlement and movement the dam takes place during and shortly after the 
first filling, repairs made after that time should permanent, and later 
leakage unlikely. 


Face Slab Thickness and Reinforcing 


The concrete face Paradela has the same reinforcing used Wishon 
and other high dams the concrete face type. The theoretical thickness 
slab Paradela 0.00735h compares with 0.0063h for Wishon. How- 
ever, the difference manner placing rock results greater actual 
average thickness Wishon. Paradela the placed rocks are laid with 
surfaces approximately flush the plane the face which reduces the amount 
concrete the design thickness. The faces Dix River and 
Springs were similarly well laid when labor cost this country was relatively 
low, and concrete relatively expensive. The economic practice Wishon was 
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use large rocks and high capacity cranes and use minimum hand labor. 
This results stepped and irregular surface and high production per crane 
shift, that gives minimum cost placed rock with some penalty excess 
face concrete. 


Joint Spacing 


The vertical joint spacing 49.3 feet Paradela closer than the 
feet spacing Wishon. The horizontal joint spacing 32.9 49.3 feet 
Paradela and 32.8 62.4 feet Courtright. The top two slabs Wishon are 
77.8 feet long since the broad even profile should not produce differential 
settlements the upper portion the dam and the economy considered 
possible. The maximum spacing joints Wishon and Courtright con- 
sidered important economically make large pours possible and minimize 
the cost joints. 


Joint Ribs 


Joint ribs Wishon were minimum, the requirement being only smooth 
asphalted surface specified width. This effected economies simplifying 
the placing rock and reducing concrete quantities. 


Joint Intersections 


The prefabricated “seals crossing piece”, Fig. author’s paper, simi- 
lar that successfully used Lower Bear River Dam No. the inter- 
secting joints both open, such crossing essential prevent tearing 
copper. only one joint opens, both joints close, such crossing not 
necessary. Paradela the 1.3:1 face slope and the dumping the rock 
Stage over Stage tend produce opening the upper horizontal joints and 
measurements Fig.16 author’s paper indicates horizontal joint openings 
have occurred. Also, Paradela the hinge slabs having “soft joint” 
all sides can move permit opening both intersecting joints. The “seals 
crossing piece” necessary for many the joint intersections Paradela. 
Wishon the dumping the rock and the 1:1 slope the upper portion 
the face was predicted result closing all horizontal joints. The “peri- 
metral” and “connecting” joints Wishon are cold joints and the U-shaped 
copper the perimetral joints carried through the intersection permit 
perimetral joints open they choose to. The “seals crossing piece” was 
considered not necessary Wishon and Courtright and was not used. 


Joints 


The writer considers the Paradela joints particularly well designed. 
The location the copper above slab centerline all joints Paradela 
better than below. Any loading that might develop would the bottom edge 
the slab and not the top edge. have the main reinforcing below the 
copper and the thicker portion the slab that divided the copper 
fundamentally desirable and costs more. The important vertical joints are 
essentially the same design. The horizontal joints both Paradela and 
Wishon are soft joints, which proved very successful Lower Bear River 
No. but the Wishon joints are more simple, having small shaped copper, 
since was predicted that the Wishon horizontal joints will all close. The 
use compressible material under the slab the cut off joint considered 
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improvement and was used both Paradela and Courtright. difference 
design thinking that the Paradela perimetral and connecting joints are 
“soft” joints, whereas Wishon they are cold joints provide lines zero 
shear and moment and resist movement, thus minimizing movements 
the main slabs. However, the joints are asphalt mopped and contain 
shaped copper with some asphalt filler permit opening and offsetting. The 
cold cut off and perimetral joint design necessary with the simple hori- 
zontal joint and the lack “seals crossing piece” intersections, but may 
have possibility crushing. The soft perimetral and connecting joints 
Paradela may result greater joint movements but all the joints are well 
designed and constructed that they can all probability take the movement 
without trouble. 

engineer reviewing and comparing the Papers this Symposium the 
concurrently designed Paradela and Wishon-Courtright Dams, might conclude 
that there are substantial differences the design thinking behind the two 
dams. the writer’s belief that the differences are not all fundamental 
but are logical products the differences foundation conditions, heights, 
labor costs, reservoir operating schedules and other factors. The unprece- 
dented height Paradela would certainly have major influence design 
and tend prevent the departures from previous practice made Wishon 
and Courtright. hoped that the author’s closing discussion will clearly 
point out any differences fundamental design consideration, should there 
any. Also, would value the authors could provide crest settlement 
measurements and other observations taken after the reservoir was filled and 
unwatered, which occurred since the writing their paper. 


ARMANDO PALMA authors have presented compre- 
hensive and valuable paper Paradela Dam, the highest rockfill dam 
Portugal. This discussion presents data the second highest rockfill dam 
Portugal, the 207 ft. high Salazar Dam. Salazar Dam, though much smaller 
than Paradela Dam, special interest because the use steel facing 
the watertight membrane. 

Salazar Dam forms part the Vale Sado Lower Course Irrigation 
Scheme, which also includes the production hydroelectric power. Full oper- 
ation began 1949. The project includes two large storage reservoirs; Pego 
Altar Reservoir (Salazar Dam) with storage capacity 76,200 acre 
and Vale Vaio Reservoir (Trigo Morais Dam) with storage ca- 
pacity 51,100 acre feet. The Trigo Morais Dam 167 ft. high earth 
and rockfill dam, watertightness being obtained means central bitumi- 
nous concrete membrane. 


Head the Reclamation Div, the Dept., Portuguese Ministry 
Public Works, 

“Design and Construction Earthfill and Rockfill Dams and Their Water- 
proofing Blankets,” Trigo Morais and Palma Carlos, Fourth Con- 
gress Large Dams, 
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Main Features Design 


Salazar dam rockfill structure provided with steel facing, laid 
thin concrete layer which covers layer masonry; possesses cutoff 
wall with inspection gallery, from the interior which the grouting oper- 
ations the foundation were carried out. Its main characteristics are: 


Maximum height above the cutoff wall foundation 207 ft. 
Rockfill structural height 184 ft. 
Length crest 630 ft. 
Crest width 16.4 ft. 
Slopes: 

Upstream face 1.25 


Downstream face berms—6.6, 8.2 and 9.8 ft. wide) 


between berms 


Geological Features the Dam Site 


The devonian, essentially silicious and argillaceous shales which compose 
the rock the dam site are intensively folded and fractured, comprising 
quartz inclusions the form veins and nodules. The low strength the 
foundation called for dam with wide base. 

large vertical fault, about feet thick, occurs the river bed, its di- 
rection being shown this fault contains argillaceous mass with 
large and small blocks the early shale. Such geological conditions led 
the adoption the following construction methods for the purpose avoiding 
piping: 


the fault zone, the cutoff wall had carried depth (-26.00), 
which corresponds half the hydrostatic head. 


Downstream from the cutoff wall, filter was constructed formed 
the following layers, each 1.3 feet thick: fine sand (bottom layer), 
coarse sand, stonecrusher waste, fine crushed stone, coarse crushed 


stone (top layer). Thus the voids increased from the bottom the top 
layers. 


Cutoff Wall, Drainage Gallery and Pumping Well 


The cutoff wall located under the upstream part the embankment, be- 
tween the steel facing and the foundation, and contains inspection gallery. 
The drainage gallery, embedded drain formed small stones, was con- 
structed the deepest zone the foundation, ending downstream pump- 
ing well. The access the cutoff wall gallery made possible two in- 
spection galleries driven through the valley slopes, Fig. 17. 
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Rockfill 


The cross-section the dam shown 18. The embankment con- 
sists 485,000 cu. yds. porphyry rock. The density the rock was 2.665 
and the percentage voids the rockfill was 34.4. The largest blocks used 
the rockfill weighed tons. 

The rockfill was dumped and partly hand-placed the central embankment 
layers approximately 9.2 ft. depth. Cranes were used for placing the 
large blocks the upstream embankment, the downstream toe and up- 
stream face, well for constructing the upstream masonry. This cement 
mortar masonry variable thickness, ranging from 6.6 feet the bottom 
2.6 feet the top, its volume being 16,475 cu. yds. The surfacing was 
made with concrete layer with average thickness in., which the 
steel facing sheets were laid. both upstream and downstream faces 
corrections had introduced take into consideration the 
which certainly would occur, not only during the construction but also there- 
after, mainly during the filling the reservoir. 

The following corrections were allowed compensate for estimated 
settlements occurring after the construction: maximum crown ft, crest 
convex plan, with deflection 1.64 ft., and upstream face concave 
cross section. 


Steel Facing 


This type membrane has been chosen view its strength, flexibility 
and Its main features are presented Fig. and described 
below: 


Steel sheet facing, clamped along the cutoff wall, free its upper part. 


Dimensions the steel sheets: 24.6 8.2 ft; 5/16" thick one third 
the dam height, 1/4" from there upwards. 

Sheets horizontally butt-welded, with 45° chamfered lower edges. Weld- 
ing seams, least thick, upon butt-plates, 


Expansion joints following the maximum slope direction, with semi- 
cylindrical butt-plates, 1.3 ft. diameter. Sheets welded the butt- 
plates, the edges which are 60° chamfered; welding seams least 
thick. 


Connections the cutoff wall means 300 UNP steel sections, 
with the lower edges stopping distance mm, from the concrete, 
this space being filled with plastic bitumen order insure complete 
watertightness; the triangle comprised between the cutoff wall and the 
membrane was also filled with molten asphz!tic concrete. Use strong 
gussets plates where the U-shaped steel elements change di- 
rection, order prevent ruptures such points. Along the beams, 
anchor bolts 6.6 ft. length and diameter, ft. apart from each 
other. 


“Expected Values and Observed Values Rockfill Settlements During 
and After the Construction Salazar Dam,” Palma Carlos, Fifth Con- 
gress Large Dams. 
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Anchor bolts for the steel sheets, 4.1 ft. length, diameter. Pro- 
vision allowing expansion 3". Expansion nuts and rings covered 
protection helmets. 


Use 5/16" bars between each two anchor bolts, order pre- 
vent buckling the steel sheets between those bolts. 


Behind the steel facing, drains diameter connected the cutoff 
wall inspection gallery, each one them connected expansion 
joint. The concrete face was coated with priming coat Flintkote No. 
and two waterproofing coats Flintkote No. before installing the 
steel face. 


Anti-corrosive protection the steel facing means Flintkote 
bituminous emulsion. 


Settlement 


During construction the maximum settlement Salazar dam was 29.9" and 
occurred the downstream face 60% the total height the axial 
cross section. The more important settlements after the steel facing was in- 
stalled occurred the same cross section, their value increasing gradually 
from bottom dam. After ten years service, settlements measured 
crest level were the following: 14.9" the upstream side and 17.4" the 
downstream side. Both values were obtained with full reservoir. Besides 
these vertical settlements, some horizontal displacements were observed 
under the same conditions (ten years service and full reservoir). the crest, 
the following horizontal displacements were measured: 14.0" the upstream 
side and 13.6" the downstream side. 


Leakage 


Leakage, either through the steel facing, account three fissures having 
appeared the welding the semi-cylindrical butt-plates the joints, 
the connection the facing the cutoff wall, was only observed during the 
first and the second fillings the reservoir. Maximum observed leakage was 
145.6 U.S. gallons per minute, most (79.2 U.S. gallons per minute) 
resulting from the above mentioned fissures. 

The existence drains, communication with the cutoff inspection gal- 
lery, made possible locate immediately the fissures. These were nearly 
completely sealed with tarp cloth slowly lowered from the crest along the 
joints. Leakage was this way greatly reduced even before final repairs 
welding. After these repairs, which were done before the third filling the 
reservoir, other leakage was observed through the steel facing, from there 
perfectly watertight. 
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Maintenance 


Only now, after ten years service, the reservoir being empty the end 
the irrigation season, was considered advantageous apply another coat 
protective painting. This repair has already been made this year one 
third the dam height. will completed the next two years. The total 
cost these repairs will $4,500, extended over period three years. 
Besides this maintenance expenditure, there another small annual charge 
with the operation and maintenance the drainage system. 

rockfill dams watertightness may advantageously obtained the use 
steel facing account its special strength and elasticity. The initial 
cost the steel facing not considered higher than that the rein- 
forced concrete facing, and the repairs after the first fillings are convenient 
and small cost. Long term maintenance cost steel facing moderately 
small. Drainage behind the facing very important permits the locating 
easily any damage the facing. appears advantageous protect 
expansion joints with butt straps. These butt straps will protect the joints 
against the intrusion small stones and floating twigs which otherwise might 
get stuck the intervals between facing slabs. Experience with the 207 ft. 
high steel faced Salazar rockfill dam has been most satisfactory capital 
cost, performance and maintenance cost. 


LUIS HENRIQUE GOMES EDGARD and 
NUNO VASCONCELOS this article being written, the 
Paradela reservoir being filled for the third time.13 

the two previous fillings the maximum elevations 738.8 (2,424.0 ft) 
and 740.8 (2,430.6 ft)were reached July 12, 1958 and April 15, 1959 re- 
spectively. the past year (1959) the two spillways worked for the first time. 

Although the maximum leakages during the first filling did not exceed 382 
litres per second (13.5 cfs) was decided empty the reservoir completely 
the end 1958 carry out general inspection the concrete face, and 
advantage was taken the occasion get general survey the settlements 
the dam. the same time campaign repair was carried out the 
damages discovered, although was not overallas would have been conven- 
ient due the short time available between the end the emptying and the 
start the rainy season. 

The work involved inthis repair campaign cost 600,000$00 Escudos ($21,000 
United States currency). The total cost 275,000,000$00 Escudos 
($9,600,000). 


Dir., Civ, Engr., Hidro Eléctrica Porto, Portugal. 


Tech, Civ. Engr., Hidro Electrica Cavado, Porto, Portugal. 

Engr., Hidro Electrica Cavado, S.A.R.L., Porto, Portugal. 

this filling, the level the reservoir has been maintained around the maximum 
since the end December, 1959 until this date (March 10, 1960) and the leakages 
the order 550 liters per sec, cfs.) 
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During the filling 1959 very marked increase the leakages 
was noticed, reaching 3,020 litres per sec (106.6 cfs), and consequence 
was decided empty the reservoir again completely, carry out the necessary 
inspection and eventual repair works. The work executed that year was done 
cost 2,000,000$00 Escudos ($70,000). 

During the two emptyings, both which were complete, the position the 
bottom outlet the upstream side the cofferdam was found great 
advantage, allowing the flow the river pass, and also the advantage was 
realized the two small drains not only allow the flow the volume 
water between the dam and the cofferdam but also the flow the small leak- 
ages beneath the foundations the cofferdam. 

Observations and Work Carried Out Until the Endof 1958.—During this year 
and the first filling, that reached the elevation 738.8 (2,424.0 ft), the normal 
maximum level being 740.0 (2,427.9 ft), the leakages went rising slowly 
until they reached maximum 382 litres per sec (13.5 cfs). The decrease 
the leakages according the level during the emptying brought nothing spe- 
cial note. 

The various deformations the dam were measured several different 
periods and include: absolute displacements, represented plan and pro- 
file (the latter vertical planes parallel the vertical plane that contains 
joint 15): relative displacements, points both sides the joints, that 
measure the movements the same joints. 

The data the plans refer to: 

The first observation the point studied and serves the origin for 
future measurements. 

The observation immediately before the time when the point studied was 
reached the water the first filling (1957-58). June, 1958 was taken for 
the points not reached the water. 

The observation immediately following the unwatering the point 
emptying the reservoir 1958. September, 1958 was taken for the points not 
reached the water. 

The observation immediately following the unwatering the point 
emptying the reservoir 1959. 

canbe Fig, 20, until the dates the the first fill- 
ing, there were already important settlements, principally the level the 
horizontal joint elevation 727.25 (2,386 ft), which, the area this joint, 
were mainly the result the dumping the rockfillin the third phase con- 
struction. 

The filling the reservoir simultaneous with the construction operations 
makes detailed interpretation the settlements difficult. noted that the 
lateral movements towards the center thedam are rather more accentuated 
the right side than the left. 

After the first filling, increase the settlements plan were noticed, 
was expected, much downstream towards the center the dam. 
noted that the left bank the settlements plan close the normal 
the level lines the upstream face. This has not taken place the right 
where the settlements have deviated notably towards the center. 

Movements upstream were noticed the points observation placed 
the joint between the perimetral slabs and especially the area between 
the connecting joints and 20, result the raising this joint the 


Construction and loading stages, with some important intervals between mea- 


surements adjacent points, caused discontinuity settlement lines upper part 
the dam, 
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force compression the plane the slabs, which force came from the 
closing movement the joints that area those 
slabs, shown Fig. (to presented subsequently). 

1958 the maximum displacement downstream was the order 0.926 
(3.04 ft) and the maximum lateral displacements towards the center the 
dam and measured normally the vertical planes the joints, were 0.152 
(0.50 ft) and 0.291 (0.95 ft) respectively the left side and right side. 

Until the date the observations before the first filling there were also 
important deformations profile, can seen!4 Fig. 21, chiefly the level 
the horizontal joints elevations 727.25 (2,386.0 ft) and 718.125 (2,356.0 
ft), the greater part which, has been stated, can attributed the dump- 
ing the rockfill the 3rd phase, and the smaller part the hydrostatic 
pressure already being applied the lower elevation, because the reservoir 
was the process filling conditions allowed. 

explained that the dam had already settled when the slabs the rows 
and were poured. That is, the lay out position the joint between slabs 
Aand had already settled considerably, for the reasons previously explained, 
when the placed corresponding the rows slabs and was laid. 
The laying the placed rock the area the slabs was done con- 
nect the joint B-C its deformed position with the designed position the 
joint A-B. The placed rock the area the slabs was then constructed 
the designed position. Although some settlements had taken place the 
time the pouring the slabs for these two rows, the designed thickness 
the concrete was maintained without attempt being made, the expense 
excessive thickness, reach the position the upstream face that was initially 
designed. 

their general lines these settlements, wellas those resulting from the 
application hydrostatic pressure elevation 738,80 (2,424.0 ft), were 
quite near normal the profiles the face planes parallel the vertical 
plane containing joint 15. 

the joint between perimetral slabs (the area between the connecting joints 
and 20) relative uplifting movements were noticed, detaching the slabs from 
the placed rock which they were poured (Fig. 24), The maximum vertical 
settlement measured this time was 1.585 (5.20 ft). 

Before the first filling the greater part the horizontal joints did not show 
appreciable movement. Only some the joints the area constructed the 
first phase—to exploitation the run the river--showed important 
closing, with maximum 1.6 (0.05 ft). 

that time, resulting from the effects the dumping the loose rockfill 
the third phase construction, the horizontal joints between slabs 
especially the stretches the left vertical joint 16, showed opening move- 
ments, particularly joint C-D between the vertical joints and 13. For ex- 
ample, the maximum opening 7.0 (0.23 ft) was observed joint C-D, 
while D-E (in the same area) the maximum opening was 2.5 (0.08 ft). 
After the first filling the general movement was closing one, with increases 
that brought the maximum closing about 2.3 (0.08 ft). 

The joints between slabs from that had opened before the first filling, 
also showed noticeable closing, which inthe cases previously mentioned brought 
the final positions opening 2.2 (0.07 ft) and closing 0.2cm 
(0.007 ft), respectively joints C-D and D-E (Fig. 22(a)). 
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Movements the vertical joints were already noticed before the first total 
filling. They involved closing movements the central part the dam and 
opening movements the lateral areas. The closing movements were more 
evident some points the lower area, which the concrete face had been 
completed for some time. the maximum they reached 2.8 (0.09 ft). 

The openings showed greater intensity the right side, between vertical 
joints and 29, where the greatest were the order 2.5cm. The openings 
were more moderate the left side, showing maximum opening 1.0 
(0.03 ft) the area between joints and 

considerable increase the movements was seen after the first filling 
generally the same direction had been seen before. Thus, the closing 
the central part increased, raising the maximum (0.18 ft). addition, 
the maximum opening the right side increased about 9.8 (0.32 ft) 
joint 26, and the left side joints were slightly closed while the joints 
the left joint had opened slightly maximum 1.0 (0.03 ft) 
(Fig. 22(b)). 

the perimetral joints the most important movements, either for their 
numerical value for their repercussions the water-tightening system 
the joints, are the relative movements the slabs along the common joint. 
These are identified sliding movements. 

The movements these joints were seen very slight before the first 
filling. After the first filling, with the exception the movements these 
joints between the vertical joints whose values are significance 
virtue the raising the joint P-Q, varying movements were noticed that 
were seen much more important than the previous period. 

The maximum values the accumulated displacements from the beginning 
the measurements were: the left side—opening 3.0 
ing 1.8 (0.06 ft); the right side—opening 4.5 (0.15 ft) and closing 
3.2 (0.10 ft); sliding (between joints and 23)—10 (0.33 ft) (Fig. 

Before the first filling only very small movements the connecting joints 
were noticed which not deserve special mention. After the first filling, very 
movements the left side were seen considerable ones the 
right side. The maximum accumulated displacements opening and closing 
this time were respectively 1.7 (0.06 ft) and 3.9 (0.13 ft) (Fig. 

After the damages the curtain were verified onthe emptying the reser- 
voir July, 1958, some repairs were carried out which included chiefly the 
following (Fig. 24): 

Replacing the Guttaterna some perimetral joints where the sticking 
was defective and was not able bear the tension which was subject 
the deformation the joint, wellas joint sections where the copper sheet 
and the Guttaterna yielded due local deficiencies the pouring. 

The grouting without pressure, cement and sand mortar the space 
between the curtain and the placed rock beneath the uplifted perimetral slabs 
between joints and 20. This was done through holes bored close together 
and elevations successively higher, each hole being used only after having 
allowed the grouted mortar the previous hole set. These precautions were 
taken prevent the increasing the mortar lifting the slabs even 
more and from being lost through the spaces inthe placed rock. this opera- 
tion 495 (647 yd) sand were used and about 250 tons cement. 

The re-opening some vertical joints prevent the slabs from touching 
becoming strained (Fig. 24). This was done removing the concrete from 
one side the joint making necessary, consequence, the substitution part 
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the copper sheet (the fold and one the embedded parts) and the relaying 
concrete the edge the slab leaving further opening the joint. this 
repair (52 yd) concrete were used. 


Complete replacing the fold the copper sheet joint that had 
opened great deal and was found wrinkled the relative movement 
the slabs the direction th2 joint. 

Repairs few local defects pouring, especially near the copper 
sheets, and the replacing some steps inthe horizontal joints broken stones 
that rolled down during the work the rockfill the upper part the dam. 

Filling cracks slabs 19-20, 16-17, 18-19, and 19-20 with ce- 
ment grout and superficial reclosing the same cracks with Guttaterna. 

The total cost these repairs was 600,000$00 Escudos ($21,000). 

Observations and Work Carried Out 1959.—From the date when the ele- 
vation approximately 720 (2,362.3 ft) was reached, was seen that the 
leakage began considerably greater than that registered the previous 
year for the same levels water the reservoir. For example, for the ele- 
vation 738.80 (2,424.0 ft), the maximum reached the previous filling, the 
leakage was 1,245 litres per sec (44.0 cfs) against 382 litres per sec (13.5 
cfs). 

Until the beginning the emptying July, 1959, the water level varied very 
little, with the maximum 740.80 (2,430.6 ft) being reached April 15, 
1959. The leakage this date was 2,740 litres per sec (96.7 cfs) which in- 
creased until June 1959 when the maximum leakage registered was 3.020 
litres per sec (106.6 cfs). 

can seen from Fig. consequence the second filling the 
reservoir, there were still considerable displacements although rather 
smaller than those measured after the first filling. 

The general movement the right part the concrete face towards the left 
bank particularly noticeable, such extent that many points the right- 
to-left movement seen greater magnitude than the upstream- 
downstream movement. However, the left part the concrete face (from 
joint 15) the predominance downstream movements noted, and the lateral 
movements lead settlements direction approaching the radial each 
point. addition, one’s attention called the fact that the second filling 
some these points showed tendency settle towards the left. 

the area the perimetral slabs, between joints and 20, the upstream 
movement was emphasized, referred previously, aresult the raising 
the joint between slabs and 

the endof the second filling 1959, the maximum absolute displacement 
downstream was the order 1.075 the maximum lateral dis- 
placements from the left right was 0.169 (0.55 ft) and from right left 
0.354 (1.16 ft). 

After the second filling, increases the displacements profile were ob- 
served, was expected, but they were rather smaller than those registered 
the end the first filling There is, however, obvious pre- 
dominance the vertical component the settlements, chiefly the area 
the right side joint 15, the increase the displacements many points. 

accordance with the movements plan, the profiles show increase 
the raising the joint slabs and already noticed that area 1958, 


between profiles and which emphasizes the space between the concrete 
face and the placed rock. 
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The total maximum displacement, measured the plan the profile and 
the direction the the face, the order 2.04 (6.69 ft) and 
the maximum deviation the displaced point relative that normal about 
0.39 (1.28 ft). 

The general closing movement the horizontal joints was still registered 
after the second filling, although much more moderate and not altering the 
maximum shown 1958 (Fig. 22(a)). 

The movements the vertical joints the same directions occurred 
previously continued after the second filling. the wide area the dam be- 
tween vertical joints and there was closing movement with varying in- 
creases whose maximum was 4.9 (0.16 ft). Joints continued 
open different proportions, with maximum joint where there was 
increase opening 3.8cm (0.12 ft) thus raising the maximum opening the 
joint 13.2 (0.43 ft) (Fig. 22(b)). 

After the second filling new movements were seen, the perimetral joints 
making the maxima the accumulated displacements be: the left side 
opening 3.4 (0.11 ft) and closing 2.4 (0.08 ft); the right side— 
opening (0.15 ft) anda closing 3.2 ft); sliding (between joints 
and 23)—12 (0.39 ft) (Fig. 4(b)). 

After the second filling relatively small movements the connecting joints 
were seen. 

The maximum accumulated displacements were: the left side opening 
0.9 (0.03 ft); the right side opening 2.3cm (0.08 closing 
4.5 (0.15 ft) (Fig. 23(a)). 

the relatively high leakages through the dam was decided 
empty the reservoir inspect the concrete face, operation which began 
June 25, 1959 and ended August 1959. 

Although sound detection equipment was used the location the leakages, 
when the concrete face was under pressure, the clear results that were hoped 
for were not obtained. was the visual inspection, carried out divers work- 
ing about (33 ft) down, and completed observation the unwatered face 
that allowed the most important leakage points defined. 

The most important damage was found slab 19-20 which showed 
crack the concrete along joint P-Q, that was about length and 
openings the surface varying between and (0.16 and 0.26 ft). 

Besides this damage, which the leakage shown can largely attributed, 
more was found and can described brief follows (Fig. 24): 

large number the slabs showedalmost capillary cracks, the majority 
which were only superficial and did not penetrate the full thickness the 
slabs. 

slabs, 19-20, 17-18, 13-14, and 17-18, spalling the layer 
concrete above the plane the reinforcement was observed, 
the edges the slabs and only affecting small areas. These damages were 
caused the compressions that caused the closing the joints. 

the slab 25-26a crack about (0.07 ft) wide onthe surface com- 
pletely cut off one the corners the slab. 

various stretches the perimetral joints the Guttaterna was found 
detached from the concrete. This explained the opening movements 
the joints and the relative movements the slabs along the perimetral 
joints. 
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The perimetral slabs between joints and were very fractured with 
indications crushing caused the compression the upper slabs against 
the cut-off wall. was slab 19-20 that the greatest leakage was discov- 
ered, referred previously. 

The perimetral slabs between joints and showed increase the 
uplift already noticed the year before (1958) along joint P-Q, they had be- 
come detached from the cement grouted that year. This uplift was caused 
the compression exerted the slabs adjoining the perimetral slabs (Fig. 25), 

The perimetral joint common slabs and 21-22 was misshapen 
certain stretches resultof the yielding the copper seal due local de- 
ficiencies pouring around this seal. 

The perimetral slab 12-13, the appearance which was normal except 
for the raising referred previously, was broken when the reservoir was 
emptied about four days after became unwatered. This occurrence ex- 
plained the compressions already mentioned that increased with the expan- 
sion the slabs under the influence solar rays. 

Most the damages found were the result compressions developed the 
plane the slabs because the general deformation the rockfill and the 
closing the joints, except for some damages that can attributed very 
localized construction deficiencies. 

After analyzing the general deformations and the movement the joints 
the concrete-face, and the damages discovered, was decided allow new 
clearance the joints that were found closed almost closed, with 
view removing relieving the compression between the slabs and give 
greater possibility settlement without breaking the slabs. 

Because the short time available between the completion the emptying 
the reservoir and the start refilling, was impossible give more 
clearance all the joints that had clearance whatever, very little, and 
careful choice was made those joints where widening would more con- 
yenient. Thus, the vertical joints 13, 15, 17, and were widened, except for 
some small stretches that maintained considerable clearance had been 
widened the previous year. 

The concrete one side the joint widened was destroyed anda 
new copper sheet was welded the part embedded the remaining side 
the joint. The reinforcing that was exposed the destroyed side was rebuilt, 
and repouring was accomplished. The total length vertical joints that were 
widened was 674 (2,211 ft). The experience gained similar operation 
the previous year (1958) showed that this repair entirely efficient. 

With regard the horizontal joints, which from joint D-E downwards were 
almost all under pressure, was decided widen the joints H-I, K-L, 
and M-N, which gave total length 418 (1,371 ft) widened joints. 
clearance (0.16 ft) was left the joints. fill the joint, steam- 
packed cork board was used instead wood. 

Due the compression between the slabs, special care was taken 
ning the widening process the horizontal joints, because the danger 
important downward movements the slabs immediately above the widened 
joint. This, fact, did not happen because the movements normal. 
any case, and for the sake caution, the joints were successively widened 
from the top downwards. 

The operation widening the horizontal joints was manner 
Similar that the vertical joints. All the copper seals crossing-pieces 
were retained, because they were all found good condition. 
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filling the cuts that were made the process widening the vertical and 
horizontal joints, 312 (408 yd) concrete were used. the same 
time the work widening the joints was progress, repairs the damage 
found the concrete face were carried out. These were 24). 

Narrow cracks some slabs were reclosed where there were signs 
leakage. 

the areas slabs 19-20, 17-18, 13-14, and 17-18, that showed 
spalling the concrete, the concrete was taken off locally until the upper mesh 
the reinforcing was exposed and new concrete was poured. 

the corner slab 25-26, detached crack, the concrete was re- 
moved and new concrete was poured. 

The Guttaterna that had become detached the perimetral joints was 
taken out and replaced position. 

The perimetral slabs between joints and and the perimetral slab 
12-13 were completely destroyed and new ones were made. the pouring 
these slabs 340 (445 yd) concrete was used. 

the perimetral slabs between joints and 18, the underlying spaces 
were filled, grouting with cement and sand mortar without using pressure. 

the perimetral joint common the slabs and 21-22, the concrete 
the edges the joints was removed and new copper sheet was placed 
position and new concrete poured. 

The removal all the concrete for the widening the joints, for the 
repair damages, was carried out without the use explosives. 

Conclusions.—The observation the upstream face the Paradela dam, 
after the second filling and the complete emptying the reservoir, shows that 
the concrete face the dam, accompanying the movements the rockfill, 
settled with movements that can classified as: movements normal the 
face the dam; and movements tangential the face the dam. 

Judging from present observations, the concrete-face showed completely 
satisfactory behavior relative the movements normal the face. With 
regard the tangential movements, the behavior the concrete-face was not 
entirely satisfactory however, can seen from the damages occurred 
spite the steps taken the design with the intention giving the concrete- 
face greater possibility withstand these movements. These steps are seen 
completely justified and without them important damages would have 
occurred. 

The tangential settlements the concrete face each point observed can 
resolved into two components: one component occurs the direction the 
vertical joints andalways downwards. The other component the direction 
normal the other and directed from the right side towards the center, ap- 
proximately the two thirds—central and right—of the upstream face the 
dam, and from the left side towards the center approximately the left third. 

The component the settlement along the vertical joints tends close the 
horizontal joints. This settlement consequence the settlement the 
rockfill its direction because the crushing the contacts the rocks, 
the breaking the rocks, and the relative slidings the rocks leading 
more stable arrangement. dams constructed very deformable founda- 
tion, the difference the settlements between the ground and the cut-off wall 
also helps increase the component question. Consequently, excepting the 
irregularities, the closing horizontal joint greater when the height 
the dam above the joint consideration greater, the rockfill material less 
resistant, the construction the rockfill general and especially the placed 
rock less efficient, and the foundation the dam more deformable. 
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Paradela, where the horizontal joints were constructed with opening 
(0.1 ft), filled with wood, depth about (164.05 ft) hori- 
zontal joint closed completely. Beyond this depth the general tendency was for 
the horizontal joints close completely proportion allowed the crush- 
ing the wood between them. Once the joints were closed there was ac- 
cumulation the forces the lower slabs that caused the raising the peri- 
metral slabs between joints and 20, has been described. 

important factor for future designs, pointed out that the total 
settlement slab between joints and 20, and the direction these, 
reached 0.26 (0.85 ft). 

With regard the component the tangential settlements normal the 
direction the vertical joints seen that its direction predominantly 
from right left. This can explained the greater slope the right side 
relation the left side, the convex shape the surface which the 
rockfill lays the right abutment, and the greater deformability the 
foundation the left abutment, formed heavily weathered granite. 

Besides these causes, there may exist another important cause, 
namely the anisotropy the rockfill resulting from the manner 
being dumped. But the writers haven’t yet any firm ideas this matter. 

The opening and closing movements the vertical joints, some even clos- 
ing completely certain stretches, are due the component the tangential 
settlements question and the variation the horizontal length the 
concrete-face because the variation the curvature. 

Because the the tangential settlements has direction more less 
parallel the perimetral joints onthe right side and approximately normal 
the perimetral joints the left side, small opening and closing movements 
those joints and important sliding movements its direction were observed, 
while inthe perimetral joints the left side closing movements predominated. 

Special attention called the important sliding movements seen along 
the perimetral joints the right side. For example, the perimetral joints 
situated between vertical joints and the total sliding relation 
the cut-off wall was 0.29 (0.95 ft), distributed follows: 0.10 ft) 
the first perimetral joint; 0.12 (0.39 ft) the second; and 0.07 (0.23 ft) 
the joint with the cut-off wall. had not been for the existence three 
perimetral joints and the precautions taken guarantee the mobility and the 
water-tightness the joints, serious damages could have taken place. 

The experience gained from the performance Paradela Dam until nowcan 
summarized follows: 

The general distribution the joints proved perfectly efficient. 

The water-tightening joint arrangements functioned successfully. spite 
this, attempt should made improve, even further, the arrangements 
the perimetral joints give better adaptability the sliding move- 
ments along the joints. 

The vertical joints the central area the dam should have greater 
initial opening allow greater closing movement. The vertical joints the 
upper part the right side should have been designed essentially for opening 
movements. 

The horizontal joints should have been designed with increasing openings 
from joint F-G maximum 0.07 0.08 (0.23 0.26 ft) the lower 
part the dam and, place wood, more compressible material, steam- 
packed cork board for example, should have been used. The same applies 
the corresponding perimetral joints the left side. 

very important for the design the joints foresee the tangential 
settlements the concrete-face, taking into account the slope, the configuration 
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and deformability the banks, the rockfill material characteristics and the 
anisotropy the loose rockfill according the carrying out the dumping. 

The study such anisotropy and the making tests the rock utilized 
large dams constructed similar processes great interest order 
get information the influence the rock characteristics the yielding 
rockfills, and, thus, able foresee more certainly the settlements the 
concrete face. 

The slope 1.3-on-1 the upstream face, the relatively large thickness 
the placed rock wall, and the very careful laying this wall were factors 
that contributed greatly the successful behavior Paradela Dam. fact, 
the upstream face had been given greater slope and thinner placed rock 
wall, one less carefully layed, the tangential settlements the concrete 
face would have been greater, especially the vertical joints, 
either because the stresses the wall would greater because its de- 
formability would have increased. Under these conditions the movements 
the joints would have been greater and the resulting damages would have been 
much more important. 

The adoption relatively important curvature Paradela has advan- 
tages and disadvantages. possible eliminate the disadvantages. 

effect, the existence the curvature causes the formation transversal 
arches inside the rockfill whose deformation tends intensify the lateral con- 
tacts between rocks along the development line the arches. The intensifi- 
cation these contacts, thus increasing the lateral compression, makes the 
settlements along the line the vertical joints, well the slidings along 
the perimetral joints, little more difficult. These are the desired advantages 
and believed that they have been obtained although they cannot appre- 
ciated quantitatively. 

the other hand the increase lateral compression resulting from the 
shortening the arches facilitates the closing the vertical and perimetral 
joints when the latter tend close. This occurs with the perimetral joints 
the left side Paradela dam. These are the disadvantages the curvature, 
disadvantages that controlled giving those joints greater possibilities 
closing. The expression “arch action” purely comparative but used 
give approximate idea what really takes place. 
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ROCKFILL DAMS: 
FOUNDATION TREATMENT PARADELA DAM 


With Discussion Messrs, Judson Elston; Lawton; and Walter Weyermann 


SYNOPSIS 


Foundation conditions the site the Paradela Dam Portugal and the 
various problems they presented are The paper discusses the ar- 
rangement grout curtains and other treatment carried out suit the geo- 
logical conditions, and presents performance data seepage control. 


The site the Paradela Rockfill Dam presented various foundation pro- 
blems that were resolved arrangement grout other treat- 
ment suit the geological conditions. The Paradela Concrete Face Rockfill 
Dam has been completely described Messrs, Fernandes, Oliveria and 
Porto. 

Foundation conditions were explored test drillings totaling 668.54 
meters well means adits the total length which amounts 
841.20 meters. Most the drillings are inclined site surface investi- 
gations disclosed that rock joints and faults are approximately the vertical. 

The rock encountered Paradela Dam granite showing decomposition 
hypogean character. Owing marked weathering, one the exploratory 
tunnels did not find reasonably compact rock even depth 

Systematic water pressure tests were carried out all boreholes, 
stages length, two three pressures, i.e. and per sq. 
the average. comparing the rate water absorption different 
pressures, could ascertained whether the water flow the subsoil 
turbulent laminar. the first case, water absorption proportional 
the square root the hydraulic head, whereas the second case the water 
flow, accordance with Darcy’s formula, direct relationship with the 
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head. Tests results fully confirmed the general indications obtained from the 
cores: the permeability this highly weathered granite the main simi- 
lar that sandy material. 

The granite the dam site intersected several rather large fissures 
faults. the time when the corresponding tectonic movement took place, 
the granite along the faults was crushed into pulp rich clay and sand. 
Further decomposition and weathering utterly transformed this crushed ma- 
terial that these faults offer now risk leakage. 

The exact location the dam was decided upon make possible 
establish the cutoff direction coincident with that the best granite 
zone. was, course, impossible avoid the faults and seams orientated 
from upstream towards downstream. all points were these fissures cross 
the cutoff, excavating was continued either depth where relatively less 
disintegrated material was found maximum depth from the 
floor the inspection gallery within the cutoff wall. the same time, faults 
showing insufficient compacity were excavated downstream from the cutoff 
wall; the extent this operation shown Fig. 

rock-fill dam offers two peculiar features far sealing the 
permeable foundation soil below the cutoff wall concerned: 


(1) The full hydraulic head from the reservoir capacity must met 
very small zone soil rock around the contact surface the cut- 
off wall. 


(2) difficult detect and stop grout leakage the base the rock- 
fill. 


Owing these two peculiar conditions, was necessary supplement the 
main grout curtain several means. Two short auxiliary curtains were 
therefore established upstream and downstream (see Fig. 1), thus providing 
more extensive direct grouting the rock contact with the cutoff wall. 
Since these curtains were executed first, they created better conditions for 
grouting the main curtain reducing the likelihood grout leakage. Further- 
more, the base the placed rock, between the rock-fill and the concrete fac- 
ing the dam, was laid cement mortar, thus preventing grout leaking 
the close neighbourhood the cutoff. 

Timing all grouting operations was scheduled accordance with the 
progress the dam structure, deformations the foundation under the 
weight the rock-fill was accounted with. Grouting work began the 
upstream auxiliary curtain; first, only points where the rock-fill had 
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REINFORCED. CONCRETE FACING. 


CONCRETE CUTOFF 
WITH GALLERY. 


CONCRETE FILLED VOIDS 
PLACED ROCK. 


ALTERNATE BORINGS FOR 
DOWNSTREAM AUXILIARY GROUTINGS. 


UPSTREAM AUXILIARY 
GROUT CURTAIN 


WOLES FOR SEEPAGE CONTROL. 


BORINGS FOR MAIN GROUT CURTAIN. 


FIG, 1.—GROUT CURTAINS 
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already reached elevation 700. doing so, could assumed that 
further movements would take place the foundation, with the exception 
those resulting from the filling the reservoir. 

Grouting the downstream auxiliary curtain was second the time 
schedule. Once was completed, the main curtain was grouted and, finally, 
with water level the reservoir already rising, the contraction joints be- 
tween the elements the cutoff wall were sealed. 

When projecting grouting operations, two kinds possible water losses 
from the reservoir had reckoned with: (i) leakage through rock joints 
several millimeters wide and more less filled with coarse sandy ma- 
terial, (ii) through fissures filled with material like fine sand and through the 
mass disintegrated porous granite whose permeability was known. First, 
was proposed seal the large seams with cement grout, usual, and 
remedy afterwards the subsisting permeability rock exhibiting minor 
porosity means silicate grouting. But, the entire upper zone the 
reservoir empty during the dry and hot summer season, decomposition 
the silicate result its drying was feared. Therefore, another 
procedure was arrived and given trial large-scale field test: im- 
proving the efficiency very finely grained cement grout, three- 
dimensional network sealed joints would enclose the permeable masses 
porous granite and, result, the effect the subsisting permeability would 
granite and, result, the effect the subsisting permeability would 
harmless. Moreover, the rate permeability weathered granite being 
rather low, the occurrence local water flow would very small im- 
portance, 

Experienced grouting engineers know well that preliminary injection 
silicate gel succeeds lubricating such fissures where cement grout 
scarcely admitted when special procedure applied. Field tests repeated- 
showed that granite zones that would absorb practically cement grout 
first attempt, could take considerable quantity cement after the bore- 
holes had been previously washed and small amount silicate injected. 
After such pretreatment, these zones could immediately regrouted with 
cement and through the same drillings. 

The above procedure was applied for grouting the main curtain: first 
range holes was drilled and grouted, spacing, fill the 
main fissures. Once the first range was completed, two intermediate holes 
were drilled and grouted. Knowing that, rule, grout shows tendency 
flow from the borehole towards the surface, the next groups grout holes 
were drilled and treated downhill sequence whenever possible. 

Maximum grouting pressures were determined follows: 


kg/sq. cm. when the packer was located distance /over 
from the concrete the cutoff wall, 

kg/sq. cm. when the packer the borehole was located within the 
concrete the cutoff wall distance not exceeding 

kg/sq. cm. for sealing the contraction joints the cutoff wall. 


Depth reached the three grout curtains were set follows: 


Upstream auxiliary curtain: down into granite; 

Main grout curtain: Drillings were carried out down till they met practi- 
cally impermeable rock, i.e. down stage whose absorption— 
checked minute the water flow had become stabilized— 
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VE.32, VE.34, VE. 38 ARE HOLES 
FOR CHECKING PERFORMANCE 
AFTER THE GROUTING OF 

ALL OTHER ONES 


CONTRACTION JOINT 


CEMENT 250 KG. 
CHEMICALS 452 4G. 


WATER ABSORPTION 
BEFORE GROUTING. CEMENT ABSORPTIONS. 


AND PER METER 
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kG PER cmt 
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FIG, 3,—FRAGMENT MAIN GROUT CURTAIN 
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IN RESERVOIR 


- ELEVATION IN METERS - 


RISE OF WATER 


DISCHARGE, LITERS PER MINUTE 


ALL HOLES FOR SEEPAGE CONTROL, P-44 
SHOWED THE HIGHEST DISCHARGE. 


' 
2 
z 
a 
> 
WwW 


RISE OF WATER 


DISCHARGE, LITERS PER MINUTE. 


FIG, 5.—DISCHARGE SOME HOLES FOR SEEPAGE CONTROL 
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appeared less than one liter per minute and per meter, the pressure 
applied being kg/sq. cm. minimum depth was ordered. 


Amount grout used, per meter cutoff wall: 


Cement 1564 kg, chemicals 169 kg, the three curtains. 
Total drilling: 18.80 per meter cutoff wall. 


Whenever water loss from the reservoir observed structure the 
type Paradela Dam, impossible locate the leaks neither the 
concrete facing nor the soil area the close neighbourhood the cutoff wall 
are free for inspection. But, considering the danger which the occurence 
piping may involve, imperative provide for its immediate location 

Paradela Dam this problem was overcome creating means for close 
checking the behaviour the grout curtains. extraordinary large 
number seepage control holes were bored after completion the grouting 
works (see Figs. and 4), Thanks these safeguard measures, should piping 
occur, would detected the unusual inflow into the gallery through the 
observation borehole controlling the defective zone within the main grout 
curtain, 

The discharges collected each these observation holes recorded 
individual graphs. The measurements thus obtained evidence whether the rate 
discharge and the head keep linear character not. From the readings 
most these graphs, could deduced that, anticipated, the corre- 
sponding flow was laminar, i.e. accordance with the basis Darcy’s 
Should curve depart from the linear character result in- 
creased discharge, this sign would indicate unsatisfactory conditions and ad- 
ditional grouting would carried out without delay the zone controlled 
the respective hole. Fortunately nothing the kind happened. 

The graphs furnished also some unexpected and interesting information. 
Winter rainfall upon the disintegrated granite caused considerable subsurface 
water flow down the adjoining hills. After period several days dry 
weather, while the water level the reservoir was still rising, the discharge 
from most the holes for seepage control decreased indicated Fig. 

The total water losses measured the downstream heel the dam amount- 
209.5 litres per second, with the reservoir elevation 730.16 meters. 
The total inflow into the cutoff wall gallery, through the holes for seepage 
control was 1.4 litres per second the same time. 


DISCUSSION 


JUDSON ELSTON ASCE.—The paper Mr. Weyermann was 
great interest the writer. The description the fault material contained 
the granite foundation brings out vividly the tremendous problems that 
confronted the designers. would appear that most the grouting work 
was conducted material corresponding coarse sand, with generous 
portions clay. Mr. Weyermann congratulated upon his excellent 
presentation the foundation problems and his detailed thorough description 
the steps taken remedy very serious situation. 


Asst. Manager Foundations; Uhl, Hall Rich, Niagara Falls, 
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Extreme difficulty has always been experienced attempting grout off 
silty sands and sandy clays not only with cements but with chemical grouts. 
many times has been relatively simple inject water into such materials 
but because solids the mix larger than the voids filled because 
colloidal action, viseosity and specific gravities higher than the water it- 
self, was found next impossible satisfactory job sealing off the 
materials. 

The treatment the gouge material using both silica gels and cements 
appears rather novel and interesting approach. The writer has had 
considerable experience with cements and with chemicals foundation 
The idea combination grouting materials described 
Mr. Weyermann certainly valuable contribution the science founda- 
tion treatment. hoped shall hear more the individual foundation 
problems encountered engineers throughout the world. There grow- 
ing need for such dissemination engineering data and practices particular- 
are being faced with poorer foundation materials time goes on. 


LAWTON, ASCE.—The author has clearly recognized the two 
peculiar features associated with the sealing permeable foundation below 
the cut-off wall deck-type rockfill dam with concrete face. The grouting 


scheme adopted for Paradela Dam would appear adequately deal with these 
two features, i.e. 


The full hydraulic head from the reservoir capacity must met 
very small zone soil rock around the contact surface the cut- 
off wall. 

difficult detect and stop grout leakage the base the rock- 

fill. 

would appear that one very effective means stopping grout leakage 
the base the rockfill would the placement grout covering the desired 
area with grout blanket suitable thickness. This has been done some 
cases although perhaps not with deck-type rockfill dams using concrete 
facing. 

The concrete cut-off with gallery used Paradela Dam would appear 
rather expensive method achieving satisfactory grout curtain. Would 
the author care comment the relative cost the grout curtain carried 


out from the gallery the concrete cut-off compared with one carried out 
the open? 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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WALTER ASCE.—The author thanks Messrs. Elston 
and Lawton for their contribution the discussion this paper. was very 
agreeable read that the paper the foundation treatment the Paradela 
Dam met with such interest. 

Mr. Elston points out, dams with simple foundation conditions have al- 
ready been built, and there remain now constructed those with rather 
complicated conditions. The author thinks this the reason why nowadays 
every dam project the collaboration engineers with special train- 
ing foundation treatment. 

Mr. Lawton suggests two other solutions which his opinion might have 
done for the foundation Paradela Dam. would appear, says, that one 
very effective means stopping grout leakage the base the rockfill would 
the placement grout covering the desired area with grout blanket 
suitable thickness. But the writer thinks would have been far more difficult 
warrant reasonable distribution the grout, compared with the direct 
filling voids with concrete the base the placed rock. Especially the 
two hillsides reasonable distribution grout seems very improbable. 

Besides, the concrete filling voids cheaper than the pumping-in 
grout. 

his second suggestion Mr. Lawton asks the writer comment the 
relative cost the grout curtain carried out from the gallery the concrete 
cut off compared with one carried out the open. 

The comparison has focussed from two view points: 


The economical; and 


The technical disadvantages not having gallery the concrete cut 
off. 


From the economical point view Mr. Lawton fully right, because 
grout curtain carried out the open would have cost $280,000 less than the 
project with gallery. This figure includes the economy rock excavation 
and concrete volume for the cut off wall well the absence formwork 
for the gallery and the increased expenses longer grout holes drilled from 
the open. 

But Mr. Lawton himself points out that difficult detect and stop 
grout leakage the base the rockfill. Obviously even more difficult 
detect and stop water leakage when filling the reservoir. 

During the initial storage water loss growing importance was meas- 
ured the downstream heel the dam. One can imagine what doubts would 
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have been aroused leakage several hundreds liters per second 
there had not existed those checking means, pointed out the paper; gal- 
lery the cut off, with extraordinarily large number seepage control 
holes. Had there not been this gallery, probably the leakage would have been 
considered due defective foundation, and logically the reservoir would 
not have been allowed reach high level. the Hidro-Eléctrica Cavado 
had not made full use the first filling, this company would have had deficit 
placement approximately 100,000,000 kwh. 

When the reservoir was empty after that first energy producing season, the 
deductions proved right, the reinforced concrete facing the dam had 
been broken. 

Most interesting were the observations made during the second filling 
the Paradela reservoir spring, 1959. The level went El. 741.00 and 
spite the repairs the reinforced concrete facing, leakage about 3,000 
liters per sec appeared now the heel the rockfill. But thanks again the 
gallery the concrete cut off, was absolutely certain that the foundation 
the dam remained perfect condition, that is, once more the leakage was due 
cracks the reinforced concrete facing. 

The discharges the seepage control holes were carefully measured and 
recorded, and the graphs the second storage proved similar those 
the first filling. could concluded that there would danger with 
the full charge the reservoir, and once more the company could increase its 
output about 100,000,000 kwh that would have been lost there had not been 
gallery the cut off. 

Modern dams are often projected with impressing height spite diffi- 
cult foundation conditions. Every engineer should feel that such constructions 


are safe only there provision made for adequate control their 
havior. 
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ROCKFILL DAMS: 
MONTGOMERY DAM WITH ASPHALTIC CONCRETE DECK 


With Discussion Messrs, Scott; Sherard; and Scheidenhelm, 
John Snethlage, and Arthur Vanderlip 


SYNOPSIS 


This paper describes rock-fill dam with asphaltic concrete deck 
representing new concept dam engineering. sets forth the reasons for 
selecting that type dam and deck and explains various aspects design and 
construction, especially regards the asphaltic concrete deck. cites 
the advantages and economy attainable with such type dam construction. 


Location and Purpose Montgomery Reservoir 


Montgomery dam located Colorado, across the upper portion the 
Middle Fork the South Platte River. The site miles north Alma and 
miles north Fairplay, Colo. nearly 100 miles highway from 
Colorado Springs and Denver and about miles from the nearest railroad 
access Buena Vista, Colo. The dam located high the easterly slopes 
the Continental Divide; only about mile from Hoosier Pass across 
the Divide. (Fig. 

The dam and reservoir are owned the City Colorado Springs. They 
form part the municipal water supply system. The reservoir has the 
primary function seasonally storing water which reaches through near- 
tunnel under the Continental Divide, having been diverted from headwaters 
the Blue River, tributary the Colorado River. 

The reservoir expected filled each summer the result the 
melting heavy accumulation snow the westerly side the Divide. The 
water which the city entitled will reach the city from the reservoir 
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gravity flow through 30-in. steel pipeline which feeds into existing 
voirs the northwest slope Pike’s Peak, thus connecting directly with the 
city’s water supply system. 


Dam and Reservoir Remarkable Several Respects 


Several exceptional circumstances obtain with regard the dam and reser- 
Outstanding the fact that they are located altitude more than 
two miles above sea level. Apparently, terms altitude, the structure 
the highest dam substantial size North America. Incidentally, that alti- 
tude has effect human performance and otherwise; during construction, 
the effect was manifest adversely even regards the efficiency gasoline 
engines. 

Middle Fork water may taken for the use the city. That is, the 
pertinent respect the city’s water rights are limited run-off from the Colo- 
rado River drainage area, the opposite side the Continental Divide. 

The natural drainage area above the dam, being only 8.5 square miles, has 
significance except regards spillway provision the Montgomery dam. 
The reservoir exceptionally small for long and costly dam, but such 
the price the much needed water. 

Then there the short annual construction season, 2-1/2 months, 
depending upon the particular operation involved. 

Finally, there the fact that Montgomery dam there appears the 
first application the United States asphaltic concrete deck rock- 
filldam. Also appears the first application the world this par- 
ticular type asphaltic deck rock-fill dam. 


< 
: 
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Principal Data and Dimensions (Figs. and 


The crest the dam, exclusive camber allowance (for Settlement) 
maximum feet, elev. 10,868 above Mean Sea Level, Geological 
Survey. However, contemplated that the height the dam may the 
future increased, perhaps much feet, and the design, except 
spillway, provides for such raising. 

The spillway channel the north end the dam, constructed part 
with lining reinforced, Portland cement concrete. has ungated over- 
flow section ogee form, with net width ft. The crest the spillway 
proper, i.e., the ogee, elev. 10,861. 

The area the reservoir, when full spillway crest, only about 
acres. The entire reservoir volume, about 5,100 acre-feet, utilizable. 
Should the dam subsequently raised, above mentioned, the reservoir ca- 
pacity would practically doubled. 

The dam rock fill, comprised granite quarried from the mountain- 
side upstream from the right abutment. The watertight diaphragm deck, 
resting upon the upstream slope the dam, asphaltic concrete, which 
was aimed constructed continuous layers and have the equivalent 
uniform final thickness inches. 

its maximum section, the dam has height 113 ft. above the foun- 
dation rock, The length the rock fill approximately 1,900 ft. Including 
the spillway, the length the dam across the river valley about 2,000 ft. 

The upstream slope the dam (vertical) 1.7 (horizontal); the down- 
stream slope averages 

Water from the reservoir drawn through screened intake, completely 


MONTGOMERY DAM 


ORIGINAL CONTOURS 


FIG, DAM, PLAN 


4 

N 
< 


436 MONTGOMERY DAM 


submerged except when the reservoir well-nigh empty. From this intake, 

reinforced concrete conduit, ft. net diameter, 540 ft. long and construct- 
under the dam trench excavated the foundation rock, conducts the 
water outlet-valve structure. this structure water can diverted 
either into the city’s gravity supply line discharged into the bed the 
river. The water which diverted into the city’s pipeline measured 
means Parshall flume. 


Selection Site 


The purpose the reservoir could have been served location almost 
anywhere downstream from the outlet the tunnel under the Continental Di- 
vide. However, mainly because the need head for the gravity-flow pipe- 
line, location relatively near the tunnel outlet had important advantage 
over one any considerable distance downstream. 

Serious consideration was given two sites, one about 3-1/2 miles above 
the town Alma and one which would overflow what remained ghost min- 
ing town called Montgomery. After considerable exploration drilling, test 
pits and trenches, together with comparative estimates cost, the Montgom- 
ery site was selected. 

The Alma site would have been sedimentary rock. The Montgomery site 
mainly sedimentary rock, largely quartzite, but roughly one-half the 
sealing line the heel the dam granite, for under the southerly half 
the dam the line contact the outcrops the sedimentary rock and the 
granite lies between the longitudinal axis and the heel. 


Types Dam Considered 


The width the valley the crest the initial structure being approxi- 
mately 2,000 ft., arch dam was out the question. was found that any 
gravity dam Portland cement concrete, whether the massive type 
the buttress so-called hollow type, would far more costly than dam 
the fill type. Contributing reasons were the long haul for such cement and the 
short annual construction season, with relatively low 

Within reasonable proximity the damsite there abundance glacial 
deposits, the finer fractions which might have been bareiy suitable for roll- 
ing into impervious mass. However, greater estimated cost and the brevity 
the season free from freezing temperatures eliminated dam comprised 
entirely rolled earth fill, moistened for the process rolling. The same 
factors obtained with regard the combination rock fill with interior, 
impermeable earth core, whether sloping central; addition, the fact that 
provision had made for future raising the dam substantial amount 
made impracticable the use any interior earth core except materially 
greater initial cost. 

Under the circumstances, including the abundance suitable rock the 
abutting mountainsides, appeared natural and appropriate select the type 
wherein the body the dam entirely rock fill and there appropriate 
watertight diaphragm deck upon the upstream sloping face the fill. 
Moreover, with deck asphaltic concrete, the estimated cost was less than 
that any other conventional type. 

order not overlook any possibilities, particularly from the standpoint 
materials available for the fill, some consideration, though not the ex- 
tent study for design purposes, was given the use the unconventional 
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combination earth only semi-compacted with like deck asphaltic 
concrete, However, the light pertinent conditions for Montgomery dam, 
such combination was found not indicate sufficiently lower cost offset 
the advantages the combination rock fill with asphaltic concrete deck. 


Advantages Rock Fill Dam Deck Type 


The more important advantages rock fill, specifically the deck type, 
were considered comprise the following: 

Provided only that there watertight diaphragm deck the upstream 
slope, the stability dam dumped rock fill assured. Uplift not 
factor. 

Further, because the openness and free-draining nature rock fill and 
the absence utterly improbable large break extending through the 
deck, leakage through the dam would damage the fill proper; would 
not endanger the stability the dam. 

Correspondingly, grouting would necessary only minimize leakage 
past the dam, not eliminate uplift—as the cases mass gravity some 
hollow dams Portland cement concrete—or keep leakage water out the 
body fill, would essential the case earth-fill dam. 

Again, because the foregoing, rock-fill dams the deck type require 
minimum site exploration. 

The deck type dam would particularly suited permit various con- 
struction activities carried simultaneously. Thus the construction 
cut-off wall and extending below pressure-grouted diaphragm, each us- 
ing Portland cement, could carried the same time that the rock fill 
was being placed, although course not the same location within the area 
the dam. This advantage was special importance Montgomery dam be- 
cause the short annual construction season. concerns the 
body the dam, the use rock fill would permit stretching the 
construction season its 

the event overtopping, whether floods part height the dam dur- 
ing construction waves after completion, the rock fill would less 
subject damage, any, than would true earth fill. This factor also 
had some bearing upon the extent provision for freeboard (on account 
waves) above maximum flood levels. 

compared with fill dam having interior core sealing dia- 
phragm, the deck-type fill would more readily lend itself future increase 
height. the pertinent respect, increase height would accomplished 
mere extension the asphaltic concrete deck upward the same slope 
and corresponding extension the cut-off and sealing provisions the 

Moreover, the sealing into the foundation being the heel the dam, such 
type would afford future access, and when needed, the cut-off wall and 
the appurtenant above-rock sealing provisions, provided only that the reser- 
voir could drawn down. happens that normal operation the Montgom- 
ery reservoir will drawn down annually. 

Finally, the estimated cost rock-fill dam the deck type was well 
within reason. was less than the estimated cost for any other type dam 
affording equivalent advantages. 
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Selection Material for Deck 


choosing the material which the watertight diaphragm deck the 
rock-fill dam was constructed, there were considered, offering possi- 
bilities economic feasibility, three kinds material, wit: steel, asphalt- 
concrete and reinforced Portland cement concrete. 

Naturally the selection the material point, estimated cost was 


primary factor. was essentially the ground higher cost that steel was 
eliminated. 


Basis Choice Asphaltic Concrete 


Because its pertinent characteristics, the use asphaltic concrete 
material for the construction was approved Black Veatch, engineers for 
the City, when proposed the authors, consultants the former. The 
authors had had prior experience the use asphaltic material dam con- 
struction. Support for the use the present instance asphaltic concrete 
was available also the history its use hydraulic construction else- 
where, part set forth under item hereof. For some instances use 
asphaltic concrete hydraulic structures, the case history and results 
over material extent time were known. And course there was available 
tremendous amount information with regard the use the material 
the construction highways and airfield runways, though only portion there- 
was directly pertinent. 

The selection the material was made with full realization that existing 
pertinent information would have supplemented extensive testing. In- 
deed, the selection was tentative the sense being subject favorable out- 
come such testing. was early recognized that, for the purpose point, 
the criteria for satisfactory performance would different from those 
currently used for asphaltic concrete highway work and airfields and prob- 
ably quite different from those far used for other hydraulic structures. 

During the period November 1953-January 1954, there were carried 
through tests locally available aggregates (glacial deposits) sufficient 
permit tentative design stable mix, mainly for the purposes cost esti- 
mating. These tests established beyond doubt that those local aggregates 
could appropriately and economically blended produce excellent 
gradation and that, when combined with suitable asphalt, they would yield 
workable and stable mixture. Final selection asphaltic concrete was made 
only after completion considerable, though not all, the pertinent testing. 
Further reference that testing appears item hereof. 


Comparison with Portland Cement Concrete Deck 


The larger rock-fill dams the deck type heretofore constructed this 
country use impervious deck Portland cement concrete the upstream 
face. major element such structures, involving much time and cost, 
the construction base for the concrete deck the form thick semi- 
hand-placed crane-placed layer relatively large rocks over the mass 
dumped rock. Such layer considered primarily finish and leveling 
course, containing fewer voids than the underlying rock mass. 

The tendency has been reduce the thickness such layer placed rock. 
But, even so, the practice use minimum thickness the order ft., 
with greater thickness lower portions the higher dams. Also, either 
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there must slots for beams support the joints the panels Portland 
cement concrete least, under the planned positions the joints, there 
must, means like concrete, provided flat surfaces upon which con- 
struct the joints and permit them function properly. 

sure, the use asphaltic concrete deck involves the preparation 
suitable stone base over the upstream face the rock fill, but such 
relatively simple and less costly construct. There eliminated the need 
for the layer carefully placed base rock and the beams other joint sup- 
ports normally used deck Portland cement 

For Montgomery dam, comparative estimates cost between the two 
kinds concrete deck indicated saving of, the very least, 50% the use 
asphaltic concrete. 

ordinary temperatures, asphaltic concrete far more flexible than 
Portland cement concrete. The laboratory investigations made for the 
purpose the dam design and likewise field observations show that asphaltic 
concrete for the intended purpose may expected have considerable flexi- 
bility temperatures practically low freezing. The evidence indicates 
that asphaltic concrete deck will self-adjusting any settlement 
normally expected reasonably well constructed rock-fill dam. This 
does not mean, however, that construction one may disregard the need for 
keeping settlement, especially localized settlement, minimum. 

From the evidence available, there good reason believe that asphaltic 
concrete, when properly designed, placed and compacted, will least 
durable competitive materials for such deck construction. interesting 
example the use either asphaltic mortar (in that case bitumen and 
loam) asphaltic concrete (bitumen, sand and gravel) used for con- 
struction antiquity and surviving the present time given one Andrae 
Mitt. Deutsch. Orient. Ges. XXII, 33. The material was used mile- 
long embankment along the banks the Tigris River about B.C. 1300. Andrae 
states that “After 3300 years, still faithfully fulfills its purpose”. (Asphalts 
and Allied Substances, Herbert Abraham, 5th Ed., 1944, Vol. 29.) 

the case Montgomery dam the type asphalt, the richness the mix 
and the thickness deck are expected eliminate certain shortcomings 
which have been observed the performance some asphaltic concrete used 
road surfaces not subject substantial kneading action traffic. 

this connection there further consideration, though one not relied 
upon the case Montgomery dam, namely, that there some reason for 
expecting that, some cracking should occur, the asphaltic concrete may 
somewhat self-healing. any rate, assuming each instance accessibility 
for repair, deck asphaltic concrete believed more easily repaired 
than one Portland cement concrete. 

great importance, especially situations like that the Montgomery 
site, the fact that the covering given area deck surface requires far 
less time with asphaltic concrete than with Portland cement concrete. This 
may well have saved year the total time construction Montgomery 
dam. turned out, the summer 1957 afforded even shorter period, 
during which construction was tolerable, than the usual all-too-short season. 
terms conditions suitable for asphaltic concrete work, the total period 
available was hardly months, whereas normally would have been about 
month longer. Various delays prevented placing asphaltic concrete until 
July 22; yet placement the 27,770 sq. yds. the asphaltic concrete deck 
was completed September 24—or about two months. 
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The nature asphaltic concrete and the manner placing and compacting 
it, even with equipment not all respects designed for the purpose, are such 
permit very rapid, not continuous, placing. The objective place 
and finish given strip asphaltic concrete before the previously placed, ad- 
joining strip has become cold. Also, necessary, one layer can placed 
upon another with only few hours’ lapse time. 


Prior Use Asphaltic Concrete Hydraulic Structures 


The use asphaltic concrete hydraulic structures course not new. 
various forms and for various purposes has been used connection with 
reservoirs. For instance, the United States, asphaltic concrete has been 
used line water-supply reservoirs the City Los Angeles, but not 
watertight membrane. Instead, the asphaltic concrete, relatively thin 
layer designed porous throughout, was used earth-embankment slopes 
lieu riprap, i.e., for slope protection only. 

Similar use has been made asphaltic concrete the Bureau Recla- 
mation after experimentation the site its Bonny dam eastern Colorado, 
namely, lieu riprap protect the upstream slope its Glen Anne dam 
California. (See Civil Engineering, June 1952; Western Construction, 
September 1953.) 

There exists this country only one example where asphaltic concrete 
relied upon provide watertightness for the slopes water-supply reser- 
voir, namely, Turner reservoir constructed 1952 the City Salem, 
Oregon. (See Western Construction, September, 1952.) 

some pertinency also the asphalt-mortar cut-off wall constructed 
about 1940 the instance the authors the left abutment Claytor dam 
New River, Virginia. There sheathed trench, approximately 3-1/2 ft. 
wide and 325 ft. long, was excavated, partly through earth but mainly through 
badly weathered rock, maximum depth nearly 100 ft. below reservoir 
level. This was then filled with mixture asphalt and rock fines order 
prevent leakage from the reservoir around the left end the dam proper, 
the latter being the Portland cement concrete, gravity type. (See Engineer- 
ing March 13, 1941; The Asphalt Institute Quarterly, April 
1951. 

More extensive use asphaltic concrete provide watertight diaphragm 
for rock-fill dams has been made foreign countries, though appears that 
case has such use been the same that Montgomery dam. 

There follows listing, with short description, the principal, not all, 
rock-fill dams the construction which asphaltic concrete has been 
may have been used. all cases, except the last cited, the material was used 
form watertight diaphragm deck resting upon the upstream face 
slope the dam: 


Bou-Hanifia dam, Algeria, 180 ft. high, completed 1938.—Deck consists 
two layers porous cement concrete separated in. asphaltic 


concrete, turn two layers with wire reinforcement between the latter. 

Caritaya dam, Chili, 125 ft. high, completed 1935.—Deck consists 3/4 
in. asphalt (perhaps asphaltic mortar) between two layers reinforced 


Diga Codelago dam, Italy, ft. high, completed 1893.—Deck consists 
in, mastic layer, covered stone blocks set ordinary cement mortar. 
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Fedaia dam, Italy, ft. high, completed 1954.—Deck consists in. 
asphaltic concrete between two layers ordinary cement concrete, Details 
not available but the outer layer reinforced, the inner porous. 


Genkel dam, Germany, 140 ft. high, completed 1952.—Deck consists 
two thin layers asphaltic concrete, separated layer gravel (sparsely 
bound with asphalt) provide drainage for such leakage may occur through 
the outer layer. The outer the two layers 3-1/2 in. thick (placed 
sub-layers); the inner little less than 2-1/2 in. (placed sub-layers). 
Under the latter and over the upstream face the rock fill itself, there 
layer porous cement concrete. 


Ghrib dam, Algeria, 235 ft. high, completed 1936.—Deck consists two 
layers porous cement concrete separated in. asphaltic concrete 
placed two layers. 


Henne dam, Germany, 200 ft. high, completed 1954.—Deck similar 
that Genkel dam. 


Iril-Emda dam, Algeria, 246 ft. high, completed 1954.—Deck consists 
in. asphaltic concrete two layers, between layers ordinary cement 
concrete, the upper the latter being reinforced, the lower porous. 


Mulungushi dam, South Africa, 117 ft. high, completed 1935.—Is stated 
American textbook have asphaltic concrete deck in. thick. 
However, the references are vague incorrect and, although research dis- 
closed various aspects the water development which Mulungushi dam 
part, details could found either the asphaltic concrete deck 
the pertinent construction 


dam, Yugoslavia, ft. high, completed 1955.—Deck includes two 
thin layers asphaltic concrete (with wire reinforcement between them) 
covered layer reinforced concrete. 


Vale Gaio dam, Portugal, 165 ft. high, completed 1952,—Here asphalt- 
concrete used part sloping interior diaphragm core, consisting 
in. asphaltic concrete inclined cemented masonry wall, with 
slope 1.4 and buried under upstream earth fill. 


The foregoing course does not take into account rock-fill dams where 
asphalt asphaltic mortar has been applied thin coating over steel, 
wood, Portland cement concrete, etc., where reliance for watertightness was 
other materials where asphalt was used for preservative purposes 
rather than water barrier. 

appropriate mention four foreign dams which asphaltic concrete 
was used, not rock fill but, earth fill, greater less extent for the 
purpose ensuring watertightness: 


Amecker dam, Germany, ft. high, completed consists 
in. asphaltic concrete, but not clear that there reliance thereon 
for watertightness. 


Qued-Sarno dam, Algeria, ft. high, completed 1952.—Deck consists 
2-3/4 in. asphaltic concrete. 


Schevelinger dam, Germany, ft. high, completed 1940.—Deck consists 
2-1/2 in. asphaltic concrete. 
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Turawa dam, Germany, ft. high, completed 1937.—Deck consists 
asphaltic concrete. 


view the foregoing, appears that the use asphaltic concrete 
Montgomery dam, the sole material for the deck rock-fill dam, the 
first instance such use the Western Hemisphere and that the methods 
and details construction Montgomery dam are unique and involve the 
first application thereof anywhere. 


Experimental Basis for Design and Specifications for Asphaltic Concrete 
Deck 


Review the more pertinent sets specifications for asphaltic concrete 
work made clear that the design and the preparation specifications for 
asphaltic concrete deck for Montgomery rock-fill dam would involve consider- 
ations and criteria not heretofore fully taken into account. 

Among the more important these may mentioned: 


Certain aspects watertightness the asphaltic concrete. 

Behavior the asphaltic concrete when placed upon relatively steep 
slopes. 

Effect extremely high temperatures upon flow given slopes. 

Effect variations types aggregate, asphalt binder, etc., upon 
slope-flow characteristics. 

Limiting steepness slopes. 

Effect freezing and thawing and wave action upon the asphaltic 

Determination appropriate thickness the asphaltic concrete deck. 

Placing such thickness, concerns number layers, position and 
treatment joints, etc. 

Special equipment modifications existing equipment specified. 

Nature and preparation base. 

Manner making watertight connection the asphaltic concrete with 
structural features constructed Portland cement concrete, such the 
cut-off wall and the south wing wall the spillway. 


The solution most these problems was concluded warrant laborato- 
investigation. For some others, there was resort trial the field. 

The reason why many the problems related asphaltic concrete such 
hydraulic structure had not already been adequately covered undoubtedly 
found the differences conditions and requirements met the 
several fields application. Most the previously available information re- 
lated primarily the design and construction highway and airfield 
pavements—relatively little the field hydraulic structures. recent 
compilation and discussion this field appears the “Proceedings the 
First Western Conference Asphalt and Hydraulics”, published Bulletin 
No. the University Utah, 1955. 

the other hand, basic research concerns asphalt, aggregates and 
asphaltic concrete mixtures had been and course being done those two 
principal fields earlier activity. Much fundamental experimentation 
the properties and uses asphalt has been carried individually and col- 
lectively producers petroleum, the results which experimentation are 
applicable the design asphaltic concrete mixes any specific field. 

For the experimental work required for the Montgomery 
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dam, was found that nowhere else than the Engineering Laboratories 
the Bureau Reclamation, Denver, Colorado, was there laboratory suitably 
equipped carry out that experimentation. For this reason and further be- 
cause the relative proximity that laboratory the site the dam, ar- 
rangements were made with the Bureau for the doing the work its Bi- 
tuminous Laboratory. The arrangement was facilitated, not only because the 
project point was that municipality the State Colorado but also, 
because the Bureau has before many like problems involved the appli- 
cation asphaltic concrete the field hydraulic structures. All the 
experimental work the Bituminous Laboratory was done laboratory 
personnel. The Bureau Reclamation and its personnel were not requested 
and did not interpret the test results directly indirectly assume any 
responsibility for interpretation. 

The more important categories laboratory experimentation under- 
taken and some the results were briefly follows: 


Tests materials from various local sources determine whether 
suitable aggregates were present therein and could obtained and 
processed economically. The test results showed that there could 
made available such material proportions suitable for excellent 
asphaltic concrete mix. 

Tentative design mix for testing and cost estimating purposes, using 
such aggregates with 8.5% asphalt (of steam-refined, paving grade 
and 50-60 penetration). Later tests were made establish like tenta- 
tive mix but using asphalt 85-100 penetration. 

Tests such properties ductility, softening point, penetration and 
flashpoint; thin-film and spot tests various asphalts; also determi- 
nations values the asphaltic concrete concerns density, stability 
(compressive strength), flow, immersion compression and sustained 
load creep tests, sufficient number mixes (with various per- 
centages asphalt) permit establishing the optimum mix. The tests 
and procedures involved were largely those which have been standard- 
ized. 

Extensive tests involving number types (including steam vacuum 

refined and catalytically air blown) and penetration grades asphalts, 

some with additives (including natural and synthetic rubber), all for the 
purpose determining the most likely candidates for ultimate use. 

Slope-flow tests determine the behavior and characteristics se- 

lected asphaltic concrete mixes under the conditions various slopes 

and temperatures. These tests were made three phases and con- 
sumed great deal time but were eminently worthwhile. 

Various special non-standard tests, determine other important 
properties limitations. The more important these were tests 
ice action; wave action; alternate freezing and thawing, 4-in. diame- 
ter cylindrical specimens; transmission ‘cold’, one the rec- 
tangular slope-flow specimens; contraction due low temperatures; 
permeability; flexure, small rectangular beams minus 110 deg. 
and flexibility, 3-in. thick discs, in. diameter, various 
pressures and temperatures, 


The above and other tests led the firm conclusion that asphaltic concrete 
could placed slopes steep 1.5 and would remain stable there- 
even the temperature the surface the material were somewhat 
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excess 140 deg. However, was determined that for Montgomery dam 
the deck slope should 1.7. Further was concluded that, with the ma- 
terials available the Montgomery site, best results would obtained 
means asphaltic concrete containing approximately 8.5% (in terms 
weight dried aggregate) steam-refined, paving-grade asphalt binder. 

more detailed description these tests, together with the test results 
and interpretations, will presented February, 1958, the authors be- 
fore the annual meeting Montreal, Canada, the Association Asphalt 
Paving Technologists, technical group specializing asphalt and asphaltic 
concrete, 

The ‘job mix’ finally selected was essentially the same that used the 
experimental slope-flow tests. The asphaltic concrete aggregates, 
processed from nearby glacial deposit, were limited maximum size 
1-1/2 in. The gradation approximated the following: 


Per Cent Passing Per Cent Passing 


Square-Mesh Screen Square-Mesh Screen 
Size (Washed Sample) Size (Washed Sample) 
1-1/2 in. 100 No. 47.2 
3/4 in. 87.5 No. 30.8 
1/2 in. 75.9 No. 20.6 
No. 59.2 No. 200 11.8 


order determine the effect thermal changes upon more extensive 
surface than was available the laboratory, 120 ft. asphaltic concrete 
test panel, including horizontal well vertical joints, was constructed 
late October 1955. was placed upon well-drained, slightly sloping area 
not far from the site. This panel consisted two strips asphaltic concrete, 
each three layers totaling in. thickness after compaction. Over 
period comprising two winters, careful observations and precise measure- 
ments, between pairs brass plugs set flush with the top surface, disclosed 
detrimental surface changes, variations length joint movement. 


10. Certain Phases Design 
Slopes 


general, dumped rock for fill assumes naturally slope varying be- 
tween 1.3 and 1.4, was later found true the case the 
Montgomery fill. followed that the slopes both downstream and upstream 
faces the dam should not steeper; otherwise expensive placement the 
rock for such slopes derrick would become necessary, order that the 
slopes would stable. 

For the downstream face the rock fill, average slope approximately 
1.4, somewhat flatter than the anticipated natural slope, was used for the 
entire face. 

Quite different were the considerations for determination the slope 
the upstream face the dam, for that slope involves the asphaltic concrete 
course the steeper that slope, the less would the quantities in- 
volved the construction. For proper placing the asphaltic concrete, such 
slope needed uniform, i.e., without berms. Moreover, needed 
such that the asphaltic concrete thereon would remain stable and not flow 
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downslope even under the highest ambient temperatures. Also the slope need- 
sufficiently flat permit working the partially finished asphaltic 
concrete deck without requiring such facilities walkways, ladders, etc. 

The tests referred item above had shown that asphaltic concrete would 
remain stable slope steep 1.5. Safety movement persons 
the slope and facility machine placement the asphaltic concrete were 

After taking all the foregoing into account, the latter slope was selected 
for the upstream face the dam. the safety aspect, construction that 
slope proved entirely feasible. However, ropes anchored the crest 
the dam were used contractor’s employees permit greater speed and 
less effort moving about that slope. 


Camber 


All rock-fill dams settle during and for considerable time subsequent 
construction. Usually, provide enough height fill offset future settle- 
ment, over-fill prescribed. Without this, settlement might result, not 
merely reduction freeboard but also, unsightly sagging appearance, 
especially near the section maximum height. For Montgomery dam, 
such over-fill was ft. the maximum section the dam, reducing uniform- 
zero each abutment. (See item hereof.) 

result this camber, the upstream slope the dam, initially con- 
structed, became slightly steeper than 1.7 the section maximum 
height, viz., 1.66, flattening gradually 1.7 the abutments. The 
downstream average slope, intended ultimate 1.4, was thus actually 
constructed 1.36 the maximum section the dam. 


Cut-off Wall and Its Connection Asphaltic Concrete Deck 

The cut-off wall extending into the foundation rock was located, not the 
intersection the upstream slope the dam with the foundation rock but in- 
stead, short distance upstream from that intersection, that the several 
parts that wall would straight plan. Thus, the horizontal projection 
the downstream face the cut-off wall polygonal envelope the highly 
irregular line intersection the upstream slope the rock fill with the 
surface the foundation rock. 

The wall itself simple Portland cement concrete structure, reinforced, 
rectangular cross-section, ft. wide, extending ft. into rock, depend- 
ing conditions after blasting, and projecting few feet above the foundation 
rock, the precise amount depending the irregularities the surface that 
Although the slope the top this cut-off changes from place place, 
steps occur from one part the other, there continuous surface 
from abutment abutment. 

For connection the asphaltic concrete deck the top the cut-off, the 
design was such that the top the fill, i.e., the base for the asphaltic 
concrete, would have transition from its prescribed slope (of 1.7) 
horizontality, flush with the top the cut-off wall. (Fig. 

The asphaltic concrete, curving with the surface its rock-fill base, was 
placed upon and over the top the concrete cut-off wall and extended hori- 
zontally few feet upstream therefrom. The theory this method con- 
struction that, reason the open nature that rock fill which just 
downstream from the cut-off wall and under the asphaltic concrete, the water 
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pressure on, together with the dead weight of, the asphaltic concrete and 
proper bonding will result watertight connection between cut-off wall and 
asphaltic concrete deck. 

additional precaution, asphaltic concrete “hook”, approximately 
in. cross section, was constructed just upstream from the cut-off 
wall, extend from the deck asphaltic concrete down into compacted 
This increases the area asphaltic concrete bonded the Portland 
cement concrete cut-off wall and thereby further diminishes the chances 
leakage between deck and cut-off wall. 


Drainage 


Although the dumping loose rock, the usual construction method for such 
rock fill, ordinarily assumed result free drainage, there are possibili- 
ties that such may not everywhere the case and that there may exist 
circumstances under which ensurance free drainage primary im- 
portance. 

The sluicing water, used placement the rock fill, drains down the 
foundation the dam and thence flows off; thus possible that the finer 
material moved the sluicing water may fill the voids some lower 
portions the rock fill. Although such filling the lower voids can 
harm stability settlement the fill, tends create within the rock 
fill interior barrier which extends uncertain height and could become 

Consequently, the reservoir formed the rock-fill dam emptied 
from time time, there exists the possibility that water from leakage 
seepage, whether through the deck the form groundwater from the 
foundation, will pond within the rock-fill voids between the deck and such in- 
terior barrier and thus, when the reservoir drawn below the level such 
pond, will exert pressure against the lower side the deck. 

The Montgomery reservoir intended drawn down once year. 
Therefore, eliminate the possibility such back pressure against the 
asphaltic concrete deck. there has been provided, below this deck, drainage 
which makes reasonably certain that such back pressure can not occur. The 
provision point consists partly prescriptions the rock placed 
immediately under the deck and partly positive drainage system. 

The rock-fill volume was divided into two zones. For Zone far the 
larger part the fill, the material was permitted contain 10% 
rock fines in. and smaller). For Zone lying between Zone and the 
asphaltic concrete deck and having horizontal width not less than ft., 
the material was prescribed completely free any and all rocks 
and smaller size. 

The positive drainage consists open joint, concrete, drain pipe 
in, diameter, installed the bottom Zone along the entire cut-off. Near 
the lowest point that longitudinal drain, like connecting, transverse pipe, 
diameter, provides drainage outlet into the river bed downstream. 


Spillway 


For small drainage area (8.5 sq. mi.), great altitude (10,861 
ft. above M.S.L.), determination spillway provision not subject the 
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normally controlling considerations. 

Although rains day-long duration are known have occurred, day-long 
hard rains that region are unknown. The gated spillway the nearby 
Green Mountain dam the Bureau Reclamation, located the Blue River 
the westerly side the Continental Divide, understood provide for 
peak discharge 25,000 cfs. from drainage area 583 sq. mi. the as- 
sumption that flood peak discharge varies with the square root the drainage 
area, the comparable flood peak for the drainage area Montgomery dam 
would approximately 3,000 cfs. 

Usually, for ungated spillways, the rise reservoir level accompanying 
flood discharges reduces substantially the peak discharge over the spillway 
compared with the peak flow into the reservoir, but substantial reduction 
this respect will occur the Montgomery reservoir, for the reservoir 
area spillway crest level less than 100 acres. discharge 3,000 cfs. 
passing over the spillway would cause the reservoir level rise ft. elev. 
10,865, ft. below the crest the rock fill (exclusive residual camber), 
However, there parapet, ft. in. high along the upstream edge the 
crest, constructed welded, corrugated steel plates and held vertical 
means steel posts anchored firmly precast Portland cement concrete 
blocks which turn are embedded the rock fill. The parapet has its bottom 
edge embedded the top the asphaltic concrete deck the dam. Thus, 


with such discharge, freeboard and hence margin least ft. are provided 
above that flood level. 


11. Construction (Except Deck) 


Construction Montgomery Dam was begun August, 1854. its entire- 
required little over three years, not due requirements and difficul- 
ties the job but, because the annual construction season very short. 

The rock fill proper was begun the start the 1955 construction season 
and completed the end the 1956 season. The asphaltic concrete deck, to- 
gether with minor other work, was constructed during 1957. the total 
calendar period, hardly one-half involved actual construction. 


Quarrying and Processing Rock for Fill 


The contract specifications permitted use the fill rock tons 
(Fig. 5). the other hand, they limited the amount rock fines in. and 
smaller) used the fill (see under item 10, Drainage). was found that 
upon blasting the granite there resulted fines exceeding the 10% limitation. 
Although selection material loading trucks the quarry shoven made 
possible bring the loaded rock within the specification, the residual ma- 
terial was generally useless without some form screening. 

During the early stage construction, the contractor had installed trom- 
mel rotating screen, largely because needs for rock the smaller 
sizes, notably embed open-joint drain pipes (see item hereof) and for 
preparation the upstream face the rock fill base for the asphaltic 
concrete deck (see item 13), but also because the material for Zone was re- 
quired completely without fines. However, the use the trommel 
provide, from the residual quarry material, usable rock for Zone the fill 
proved entirely too slow and too expensive. 

Next ‘grizzly’ bar screen, steel rails, was tried and found wanting. 
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was not until, 1956, so-called wobbler screen had been installed that 
the job could proceed the required rate and with assurance that the fill ma- 
terial would meet specifications, even this involved some double handling 
rock. For description the wobbler screen and its operation, see Engi- 
neering News-Record, November 15, 1956, 44, and Western Construction, 
December, 1956, 48. 


Rock Fill 


The rock fill was placed lifts which were prescribed not exceed ft. 
height. Actually the maximum approximated ft. The contractor was left 
practically free work out his own plans this respect. 

Essentially all the rock was placed dumping. During and immediately 
after the dumping each truck load, the rock was liberally sluiced with 
water. Each nozzle stream was prescribed capable delivering 500 
gpm. pressure measured nozzle base) least pounds per sq. 
in. (psi.). The sluicing quantity was prescribed least twice that the 
gross volume the rock placed and sluiced. 

Largely the contractor was left free the choice method construct 
the upstream slope the dam 1.7), being flatter than the natural slope 
dumped Generally this was accomplished temporary overfill 
the natural slope, whereupon such overfill the top the lift was moved 
down slope make for underfilling the bottom the lift. 


Grouting 


The grouting through and along the cut-off wall Montgomery dam, al- 
though part the general contract, was sublet company specializing 
that type work. 

The grout curtain extends vertically 150 ft., below the base the cut-off 
wall, across the deeper part the valley, decreasing 100 ft. the 
abutments. Grouting was prescribed take place the maximum pressure 
attainable, not excess 200 psi. Whereas this prescription was somewhat 
severe for dam not over 113 ft. high, took into account the fact that the 
grouting would have serve well case future raising the dam 
some 

The common procedure was followed that, first, the upper ft. the 
curtain were grouted means primary holes plus intermediate second- 
ary holes where necessary. general, the upper ft. rock grouting 
pressures psi. were attained without uplift cut-off wall. Some leak- 
age grout the surface occurred, but, any grout entered nearby rock 
fill, was not observed. 

Thereupon grouting lower stages the grout curtain took place. This 
was discontinued near the end the 1956 construction season, although 
places there was indicated additional work which would have improved the 
curtain. Termination was deemed the City appropriate view the 
limited purpose grouting deck-type, dam (see item 6). 


Settlement Fill 


All rock-fill dams will settle during construction and further still upon 
completion. Presumably the reason that, due increasing load, the 
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individual pieces rock bearing upon each other will become blunted their 
contact points. Measurements made rock-fill dams show that this settle- 
ment process continues diminishing rate over several years. 

Settlement affected various aspects construction but, assuming 
reasonable uniformity construction, settlement may expected vary 
about directly with height fill. 

Besides the essentially vertical settlement due dead weight, there may 
expected additional settlement, vertically and well horizontally 
downstream direction, upon filling the reservoir and the loading the deck 
and hence the dam whole. customary, the design Montgomery 
dam provided camber, this case ft. maximum (see item 10). 

The Montgomery reservoir has not yet been filled; hence settlement data 
date are more than preliminary, being due only the gravity effect 
the the section maximum height completed fill, settlement 
measured during June 1957 (i.e., the beginning the year’s construction 
season), compared with the elevation the same point October 1956, 
was only 0.045 ft. less than in. location along the entire dam did 
the settlement over that period exceed 0.055 ft. 


13. Preparation Base for Asphaltic Concrete Deck 


was recognized that the surface the sloping upstream face the rock 
fill, upon which the asphaltic concrete deck was placed, must among 
other things sufficiently stable support the paving equipment during the 
placing the first layer asphaltic concrete. 

The asphaltic concrete deck was prescribed rest essentially Zone 
material (minimum horizontal thickness, ft.) but was specified that over 
that material there should spread 3/4 in. rock, placed layers and 
compacted such manner that the larger interstices the surface the 
Zone material would filled and the surface consolidated (Fig. 6). The 
objective was avoid local settlement during subsequent operations plac- 
ing and rolling the asphaltic concrete. further objective was fairly smooth 
surface, free from any substantial amount undulation unevenness. 

Near the end the 1955 construction season, during which portion the 
top surfacing material was placed, serious doubt arose whether subse- 
quent compaction alone would result stable surface. was concluded 
that ‘penetration’ coat appropriate asphalt binder might required 
applied the so-consolidated base just prior the placing the asphaltic 
concrete deck. 

surface consolidation the base was attempted until near the end 
the 1956 working season, when the rock fill was nearing completion and the 
major portion the 3/4 in. surfacing material had been placed. After 
some experimenting, was thought that consolidation several upslope 
passes vibratory roller probably would afford adequate compaction (Fig. 
7). However, due the fact that winter closed during September that 
year, some the intended work was deferred, done during the next con- 
struction season. was realized that all probability the effects winter 
would require some refinishing, least parts the surface, prior plac- 
ing the asphaltic concrete deck during the summer 1957. 

Accordingly, was arranged that the contractor for the asphaltic concrete 
deck should any repair and supplementary work upon the base surface, 
accomplish further compacting that surface, apply penetration coat 
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FIG, ROCK FILL 


FIG, 6.—PARTIALLY COMPLETED BASE FOR ASPHALTIC CONCRETE DECK, 
SLUICING MONITORS BARELY VISIBLE FOOT ADVANCING 
FACE ROCK FILL 
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asphalt and whatever else might necessary complete the base suitably 
receive the asphaltic concrete deck. Such further work described 
item hereof. 


FIG. 7.—VIBRATORY ROLLER COMPACTING SURFACING MATERIAL 


14, Specifications for Asphaltic Concrete Deck 


indicated under item the specifications for the asphaltic concrete 
deck Montgomery dam reflected the results experimentation. Also they 
reflected the influence pertinent parts what were considered the best 
the latest specifications for asphaltic concrete pavements turnpikes and 
other important highways. However, some important respects, even the 
requirements the latter were materially strengthened for use Montgom- 
ery dam. 

believed that respect are the pertinent specifications for Mont- 
gomery dam less rigid and many they are more rigid than any other speci- 
fications far written for the design and placing hot bituminous mixture. 
For instance, asphalt technologists have been somewhat concerned because 
changes known take place certain the physical properties asphalt 
when thin films thereof are subjected relatively high temperatures. This 
condition approached when the asphalt introduced (in some instances, 
spraying under pressure) into and mixed with mass hot aggregate. The 
result ageing action, normally evidenced loss weight, increase 
softening point and decreases ductility and penetration. Most specifications 
for asphalt itself had not embodied (for acceptability) any limitations upon 
such changes. 

However, the Montgomery specifications, prescribing limits upon the 
permissible changes properties the residues the result thin-film 
tests (oven heating 325 deg. for hours), took cognizance the foregoing 
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facts. The specifications were intended confine the selection asphalts 
those exhibiting small, yet reasonable, changes those critical properties. 

Despite the disadvantage appearing unduly complicated, there were 
included the specifications for asphaltic concrete number other largely 
new requirements aimed secure, under the particular nature the work, 
results the highest quality consistent with reasonable cost. Such included 
the prescribing 


Automatic recording, single central location, all important 
temperatures involved the operation the mixing plant. 

Unusually close control conditions placing, including temperatures 
and moisture—this because, even summer, the temperatures are 
relatively low range. 

high degree density the asphaltic concrete place—despite such 
difficulties placement result from the relatively steep slope. 


Pertinent this connection, although not required the specifications, 
the fact that, order limit the extent fractured faces, all boulders larger 
than in., found the glacial deposit, were wasted. The processed ma- 
terial was supplied the cold-feed bins sizes, wit, 1-1/2 5/8 in., 
5/8 No. and minus No. 

The specifications provided that, where needed, there applied between 
asphaltic concrete surfaces ‘tack’ coat paving-grade asphalt rapid- 
curing, liquid asphalt, either case standard grade established 
The Asphalt Institute. The rate application was prescribed not exceed 
0.1 gal. per sq. yd. 

For the drafting the specifications and order obtain the 
the most advanced thinking the design and construction such asphaltic 
concrete, there were sought suggestions and comments from various qualified 
persons, specialists this field. this respect the authors acknowledge es- 
pecial indebtedness to, among others, Messrs. John Griffith, Well- 
born, the late Banning and Donald Dagler The Asphalt Institute, 
the headquarters which are College Park, Maryland; Jewell Benson, 
Consulting Engineer, Denver, Colo.; Ellsperman the Bituminous 
Laboratory, Bureau Reclamation, Denver, Colo.; Izatt, the Shell 
Oil Company, New York; and Andreasen and Jouannet, the 
Barber-Green Aurora, 


15. Construction Asphaltic Concrete Deck 


Bids the construction the asphaltic concrete deck having been re- 
ceived November 1956, the contract was awarded before the end that 
year. Thus during the winter the successful bidder had opportunity study 
the requirements the job and plan and provide appropriate equipment. 

Except for modifications paving equipment and trucks and the methods 
handling the same, order secure efficient operation the sloping up- 
stream face, paving methods and techniques were those normally required 
for high-grade, hot-mix, asphaltic paving highways and aviation runways. 
The contractor already owned appropriate mixing plant and appurtenant 
facilities, that was necessary only supplement the same certain re- 
spects, including provision for thermal control and other special equipment 
required under the specifications. 

However, the need for modifying existing highway paving equipment and 
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providing some entirely new forms equipment was more acute concerns 
provision for operating heavy equipment the upstream slope 1.7) 
the dam, i.e., the placing and compacting the asphaltic concrete deck. 

this connection the contractor designed and constructed novel turntable, 
located upon and moved, caterpillar tractors, along the 20-ft. wide 
roadway the crest the rock fill. This was designed transfer the pav- 
ing machine from one lane (up and down slope) another and, permitting 
the requisite change direction, transfer trucks (carrying asphaltic 
concrete) from the roadway the crest and from the sloping deck. The 
turntable was supplied with electric powered, variable speed drums and winch- 
that, movement the loaded and empty trucks down and slope 
independently the movement the paving machine, there was permitted 
largely uninterrupted paving from bottom top the slope (Fig. 8). 

The specifications permitted much latitude type roller used 
order attain the required density the asphaltic concrete. After some 
experimentation, the contractor was successful adapting standard type 
vibratory roller the needs the case. The movement the roller and 
down slope was powered and controlled caterpillar tractor operating 
the crest roadway and equipped with boom and cables, leading from its 
power take-off the roller. 

mentioned item 13, was arranged that the contractor for the 
asphaltic concrete deck should certain work which had been deferred from 
the close the previous (1956) construction season. The most important 
the items involved this respect was that completing the attainment 
surface base capable supporting and remaining stable under the weight 
and operating movement the paving equipment. The effect movement 
the 11-ton paving machine was course greatly aggravated reason the 
slope. 

The situation regards completion such preparation the base be- 
came the more acute because the unexpected delay the melting the 
winter’s heavy accumulation snow and the arrival temperatures per- 
mitting the work proceed. 

had previously been concluded that the surface the reck base would 
need treated with appropriate penetration type asphalt. After 
additional pass the vibratory roller over the entire surface, such pene- 
tration coat was applied. 

Even after such application, however, the surface still showed insufficient 
stability. After consideration several expedients which seemed feasible, 
was concluded place upon the base what was referred ‘leveling 
course’ asphaltic concrete, the same mix specified for the deck 
proper. This was intended relatively thin. Because the sloping base 
would not yet tolerate the movement the paving machine without disturbance 
the surface, resort was had placing the leveling course means 

For this operation, trucks loaded with the hot asphaltic concrete were 
backed down the slope, means the cable and winch controls located the 
turntable. During such lowering along the slope, the partly open tailgate 
the trucks permitted spreading the material ahead the backing truck. 
This spreading had supplemented hand work. Subsequently the so- 
spread material was subjected single pass the vibratory roller. 

The leveling course varied thickness from less than in, about in. 
resulted base upon which the paving machine and supply trucks could 
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FIG, 8.—SOME THE EQUIPMENT INVOLVED THE CONSTRUCTION 
ASPHALTIC CONCRETE DECK 


‘ 
9.—UPSTREAM VIEW DAM 
FIG, ALONG DAM 
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and did operate place the first regular and course subsequent layers 
asphaltic concrete deck. 

Subject only adequacy compaction “of all parts each layer”, the 
specifications permitted the placing the deck proper two layers. The 
minimum permissible thickness was in. (after compaction). However, the 
contractor, wisely thought, chose place the deck proper three layers. 

this connection, there arose the question what value should at- 
tributed the leveling course terms equivalent portion thickness 
regularly placed and compacted deck. Except for special conditions obtain- 
ing near the north end the deck, was concluded behalf the City ef- 
fect that would appropriate allow 1-1/2 in. much equivalence the 
leveling course. The result was total machine-placed, asphaltic concrete 
thickness approximating 10-1/2 in. This was placed layers having thick- 
nesses approximating successively in., 3-1/2 in. and in., all measured 
after compaction, 

The asphaltic concrete was placed the upslope pass the paving ma- 
chine 12-foot widths strips. All joints within the layers were required 
offset the minimum extent ft. relation the joints lower 
layers. Generally, just prior placing the adjacent asphaltic concrete, cold 
joints between within strips were given thin coat hot asphalt the type 
used the concrete itself. 

Despite the unfortunate lateness opening the 1957 construction season 
and therefore its brevity and despite the complication attainment stable 
base for the regularly placed asphaltic concrete the deck, the completion 
the deck was accomplished the time weather conditions were becoming 
intolerable. 


For over-all views the completed structure, see Figs. and 10. 


16. Cost Data 


The more important bid comparison figures the successful bidders are 
set forth below: 


Rock fill 
Zone material, 627,000 cu. yds. $1.20 
Zone material, cu. yds. $3.00 
(Average for entire rock fill $1.40 per cu. yd.) 


Grouting 
Drilling with bit, 3,000 ft. $5.85 
Drilling with bit, 26,000 ft. $7.15 
Grouting, 7,500 sacks cement $6.00 


Preparation rock base for asphaltic concrete deck 
dam contractor, 27,000 sq. yds. $1.60 
deck contractor, supplemental, 2,000 tons rock prescribed 
sizes $10.00 
Asphalt penetration coat, 20,000 gals. $0.35 
(Average, for entire deck area $2.60 per sq. yd.) 


Asphaltic concrete deck 
Asphalt, alone, 1,400 tons $43.00 
Asphaltic concrete, place, except asphalt, 19,000 tons $11.00 
Vibratory rolling, 60,000 sq. yds. $0.25 
(Average, for entire deck $10.50 per sq. yd.) 
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The total construction cost the dam, including exploration, was 
$2,663,910. 


17. Personnel Involved 


Throughout the development the project which Montgomery dam 
part, the city’s pertinent activities have been receiving the general direction 
Biery, City Manager. During the entire period, the Superintendent 
the Water Division has been Nichols. The Water Division operates 
part the Department Public Utilities, which initially Hohl was 
Manager and more recently, during the major part the construction, 
Nixon was the latter’s successor. 

The engineering aspects the development the project additional 
water supply and the construction Montgomery dam have throughout been 
charge Black Veatch, Consulting Engineers Kansas City, Missouri, 
with Veatch, ASCE, general supervision and Scott, ASCE, 
charge the project. Throughout the performance the contract for the 
construction the rock fill, 1954-56, Martin Hemker served Resident 
Engineer for Black Veatch; for the construction the asphaltic concrete 
deck 1957, that position was occupied William Gus Koulas, A.M. ASCE. 

exploration for dam and reservoir site, design and preparation 
ficiations for rock fill, grouting and asphaltic concrete deck and construction 
those elements the work, the office Scheidenhelm, ASCE, in- 
cluding the co-authors this paper, served consultant Black Veatch. 

During 1957, connection with the construction the asphaltic concrete 
deck, Ellsperman contributed information acquired during the Glen Anne 
dam construction. 

The Bituminous Laboratory the Bureau Reclamation, located the 
Federal Center, Denver, Colorado, and which there was carried out the ex- 
tensive pre-construction experimentation, under the general direction 
Walter Price, ASCE, Chief, Engineering Laboratories the Bureau, 
and during that experimentation was under divisional direction Willis 
The immediate testing throughout was charge Ellsperman, 
who since 1954 has been head the Bituminous Laboratory. 

For State Colorado, the plans the rock-fill part the dam were 
reviewed and approved Hinderlider, State Engineer. Review and ap- 
proval the case the asphaltic concrete deck were his successor, 

Whitten. 

connection with the actual construction the deck, the laboratory the 
Colorado Department Highways, which Swanson Staff Materials 
Engineer, did the major part the pertinent testing. 

The contractor for the rock-fill dam was Fisher Contracting Company, 
Phoenix, Arizona, with Ray Spangler 1955 and Ken Willis 1956 job 
superintendents. Grouting was sub-contracted Continental Drilling Co., 
Los Angeles, California, with Bond Jobe field superintendent. 

The contractor for the construction the asphaltic concrete deck was San 
Ore Construction Company, McPherson, Kansas, with Dean Dillon job 


superintendent. 
Significance Montgomery Type Dam 


general, where rock suitable for such fill readily available, 
Montgomery, the combination fill and asphaltic concrete deck not only 
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makes maximum use locally available material but does substantial 
saving cost compared with other types dam offering equal 
Also permits economical dam construction areas where there not 
available material either for dam core the rolled-earth-fill type 
for dam involving Portland cement concrete but there available rock good 
enough for rock-fill 

general, compared with decking steel Portland cement concrete 
for rock-fill dam, the combination point results substantial economy. 
(This was true Montgomery despite the fact that all materials required for 
Portland cement concrete excepting the cement itself were available locally.) 
addition, there obtain the other advantages pointed out under items and 
hereinabove. 

Although apparently without precedent, least the United States, 
asphaltic concrete deck the Montgomery type believed have economic 
possibilities also for situations where material suitable for rock fill not 
available but there available permeable material, such gravel, disinte- 
grated rock earth, not adaptable conventional rolled fill. Such con- 
struction would obviate the need for watertightness the There would 
required compaction only for the purpose reducing, not minimizing, 
settlement. However, such form dam would involve important design and 
construction considerations not involved rock-filldam. stated item 
modified earth-fill type construction was considered for the Montgom- 
ery site but, without study for detailed design, was found not indicate suf- 
ficiently greater economy compared with the constructed type rock fill 
with asphaltic concrete deck. 

The authors have found that, the case hydroelectric development 
scheduled for construction beginning 1958 and involving dam twice high 
that Montgomery, the project, when appraised the basis sound eco- 
nomic criteria, has become feasible reason the use dam the rock- 
fill type (with asphaltic concrete deck), whereas with any other type dam 
would not feasible. 


DISCUSSION 


ASCE.—The authors’ comprehensive description the 
development this project leaves nothing importance add relating 
the design the structure. This discussion submitted primarily record 
the behavior the dam with regards settlement and horizontal movements 
after having been filled two times and describe briefly, the effect the as- 
phaltic concrete membrane one complete cycle filling and emptying 
the reservoir. 

The rock fill was completed October 1956, the asphaltic concrete mem- 
brane was placed during the summer 1957 and the reservoir was filled 
1958. was emptied during the winter and was filled again early July 
1959. 


Black Veatch Cons. Engrs., Kansas City, Mo. 


SCOTT MONTGOMERY DAM 


TABLE 1,—SETTLEMENT DATA FOR MONTGOMERY DAM 


Station From Oct, 1956 From Sept, 24, 1957 |From Aug, 20, 1958 
June 10, 1957 Aug. 20, 1958 July 1959 


Represents raising above the preceding year, 


TABLE 2,—HORIZONTAL MOVEMENT CREST MONTGOMERY DAM 


From Sept, 24, 1957 From Sept, 24, 1957 


Station Aug. 20, 1958 July 1959 


Upstream movement 
Downstream movement 


<_< 


459 
7+95 0.03 0.06 0.06 
9+45 0.04 
10+95 .05 0.15 0.05 
0.16 0.07 
13+95 0.03 
.05 0.16 0.04 
16+95 0.10 0.04 
.05 
19+95 .04 0.00 
21+45 0.01 
0.10 0.08 
9+45 0.10 0.08 
10+95 0.16 
12+45 0.02 0.06 
13+95 0.00 0.07 
15+45 0.00 0.06 
16+95 0.05 
18+45 0.00 0.08 
19+95 0.05 


460 SCOTT MONTGOMERY DAM 


Bench marks were established the crest the dam after the completion 
the rock fill October, 1956 and levels were run again June the fol- 
lowing year measure the amount settlement during the winter. These 
bench marks were destroyed during the installation the asphaltic concrete 
membrane 1957, but others were established the conclusion the work 
from which subsequent measurements have been made. These final bench 
marks were not the same locations the earlier ones and the settlement 
values June 10, 1957 shown the tabulation have been adjusted from the 
original measurements conform with the stations indicated. 

The horizontal movements have been measured from series reference 
points the tops the steel posts supporting the upstream parapet. Obvi- 
ously such points are not ideal for the purpose measuring the true horizon- 
tal movement the dam they will reflect well the amount any tilting 
experienced the post. However, the fact that the measured displacements 
have been small and that the upstream wall not distorted evidence 
very little horizontal movement the dam itself. 

The bench marks are designated station numbers along the axis the 
dam. Station 5+00 the extreme south end the dam. The bench mark 
7+95 point where the fill feet deep; the point maximum fill 
(113 about station 13+00 and the depth fill station 21+45 feet. 
The depths fill the other bench marks may approximated assuming 
uniform slopes between the end bench marks and station 13+00. 

The results the measurements are given the Tables and The 
measurements made 1958 and 1959 were made practically full reservoir. 

careful examination was made the surface the asphaltic concrete 
1959 before filling for the purpose estimating the extent (if any) damage 
due ice and locate and repair any cracks which might have opened due 
settlement contraction. 

Apparently, the effect ice the surface the pavement was negligible 
because the surface sheen caused the compacting roller appeared fresh and 
place was noticed that any the surface had been pulled loose ad- 
herence the ice must have broken away and dropped with the water 
level during the winter. 

Several short horizontal and vertical cracks were observed 1959, be- 
fore the reservoir was refilled. All were above spillway level (El. 10,861) 
and varied froin 1/4 1/2 in. wide and were about deep, through 
the top layer. The horizontal cracks ranged from long and the verti- 
cal cracks were about long, following construction joints. 

The cracks were cleaned out and coated with hot asphalt, then filled with 
sand and the whole covered with hot asphalt. The asphalt had penetration 
120-300, fluxed blended with kerosene type solvent. 
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ASCE.—The authors have performed valuable ser- 
vice summarizing for the profession the problems which they encountered 
the design and construction Montgomery Dam. The use inch thick 
asphaltic concrete upstream slab water barrier rockfill dam this 
size considerable break with past practice. 

The writer’s first reaction when hearing several years ago that this dam 
was constructed eventual height over 150 feet with asphalt up- 
stream face the high Rocky Mountains was incredulity. This has changed 
gradually respect for the foresight and the courage demonstrated the 
engineers who have successfully completed this very interesting structure. 

result their investigation, the authors concluded “From the evi- 
dence available, there good reason believe that asphaltic concrete, when 
properly designed, placed and compacted, will least durable com- 
petitive materials for such deck construction.” While many engineers will 
skeptical this statement, their skepticism would lessened appreciably 
they had the opportunity examine personally sample the compacted as- 
phaltic concrete used Montgomery Dam. The writer had opportunity 
examine inch diameter core which had been cut from the compacted as- 
phaltic concrete probably from one the test sections. This suffered little 
comparison with ordinary Portland cement concrete density, hardness 
and apparent durability. 

their comparison between decks asphaltic and Portland cement con- 
crete, the authors discuss the fact that upstream zone hand-placed 
crane-placed rock would probably have been used under concrete slab. The 
writer can see necessity for preparing better base for slab reinforc- 
concrete than would required under the asphaltic concrete slab used. 

One the features the project which probably had influence the 
decision use asphaltic concrete, spite the fact that there direct 
precedent for it, was the fact that the dam retained relatively small reser- 
voir which would emptied each year during normal operation. Also witha 
foot diameter outlet conduit, possible lower the reservoir level 
fairly rapidly the event that unexpectedly large leak developed. From 
this standpoint, seems that the situation was favorable for the trial the 
asphalti¢ concrete. 

The authors point out that the 1.7:1 upstream slope used was primarily 
governed the properties and construction problems the asphaltic con- 
crete deck. Laboratory “slope-flow” tests led the conclusion that the as- 
phaltic concrete could placed slopes steep 1.5:1 and would remain 
stable even the temperature rose 140 degrees Fahrenheit. would 
very interesting the authors would describe briefly how these “slope-flow” 
tests were performed. 

would interesting the authors would elaborate their closing dis- 
cussion their thoughts regarding the influence which ice the surface 
the reservoir may have the performance the asphaltic concrete deck. 
How thick ice sheet expected? Will this ice sheet bond securely the 
upstream deck? so, what might happen the reservoir level lowered re- 
moving the support while the ice sheet was still thick? The writer has seen 
relatively large boulders torn out rock riprap blankets such action. 


Woodward-Clyde-Sherard and Associates, New York, 
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Even though the laboratory tests indicated the asphaltic concrete would 
stable 1.5:1 slope, the upstream slope was chosen 1.7:1 provide 
little added factor safety and facilitate construction. the comparison 
between the costs upstream decks from Portland cement and asphaltic con- 
crete, computations indicated that the cost the asphaltic concrete was ap- 
proximately 50% that the Portland cement concrete. Portland cement 
concrete had been used, the upstream slope for dam this height could have 
been constructed considerably steeper with resulting cost advantage favor 
the Portland cement concrete slab. 

order assure that hydrostatic pressures would develop behind the 
asphaltic concrete deck when the reservoir was being lowered, the rock di- 
rectly beneath the deck (Zone was screened remove all rocks smaller 
than inches. leveling course and base for the deck, layer finer 
rock graded between 3/4 inches and inches was used. Fig. shows vibra- 
tory roller compacting this surfacing material. would valuable the 
authors would describe the average and maximum thickness this finer ma- 
terial used directly under the asphaltic concrete deck. 

stated the paper, one the principal advantages the asphaltic con- 
crete deck was the fact that could constructed much more rapidly than 
Portland cement concrete slab. should pointed out that upstream face 
steel plate can also placed very rapidly. During 1958, rockfill dam, 
approximately feet high, was constructed the City Caracas, Venezuela, 
for expansion their municipal water storage. One the principal re- 
quirements imposed upon the designers this dam was the fact that had 
both designed primarily because could erected rapidly wet weather. 
While its initial cost higher, the steel plate decking probably more flex- 
ible and better able follow differential settlements than either asphaltic 
Portland cement concrete and also probably has better resistance against the 
erosive action waves than asphaltic concrete. 

More than year has elapsed since the authors prepared the paper. 
hoped that their closing discussion they will able give some additional 
information regarding the performance the dam. Also the closing para- 
graph the paper, was stated that hydro-electric project including dam 
similar Montgomery Dam but twice high was scheduled for construction 
1958. Further details this dam would particularly welcomed all 
dam engineers. 


SCHEIDENHELM, JOHN SNETHLAGE, ASCE, and ARTHUR 
ASCE.—The authors feel gratified that the various dis- 
cussions their paper contained generally favorable comment. 

Mr. Scott points out that settlement the rockfill dam with which has 
been concerned, date, has been gratifyingly low and well within the limits 
anticipated. 


Cons, Engr., East Chatham, 
Cons, Engr., New York, 


SCHEIDENHELM-SNETHLAGE-VANDERLIP MONTGOMERY DAM 463 


Mr. Scott further reports some cracks and the repair thereof. Just what 
caused these cracks not definitely known. 
The possibilities suggesting themselves are: 


Near the crest the dam, working conditions were not favorable 
along the main portion the upstream slope, that slight deviations the 
paving machine, caused inaccurate placing the hoisting center, may have 
resulted, here and there, weak “vertical” joint between adjacent strips. 

The paving machine could not lay strip continuously the exact top 
the slope because, before reaching that top, its position necessarily had 
change from sloping one horizontal one. Hence the extreme upper por- 
tion the deck, that is, some 4ft thereof, had paved hand 
work, involving cold joints. such joints were made without the 
required care, opening later date could occur. 

not impossible that the severe cold the region which the dam 
located could cause weak joints open due contraction the asphaltic 
concrete. However, for well-made joints the writers consider this latter pos- 
sibility unlikely, because such behavior was not borne out the laboratory 
tests, and the cracks are reported not continuous, either length 
depth. 


any rate, all the cracks occurred above reservoir full level, that is, 
within the upper the deck, (measured vertically), penetrated deeper 
than the upper layer the four-layer deck and were easily accessible for 
repair. 

leakage, not too much known with certainty; the location the 
dam, practically inaccessible during part the year, does not permit fre- 
quent inspection. 

Inquiries directed the office Nichols, Chf. Operations, Dept. 
Pub. Utilities, Colorado Springs, disclosed that, June, 1959, “There 
evidence this time any appreciable leakage.” 

Mr. Sherard’s discussion touches the principle use asphaltic con- 
crete deck material. states that the rockfill base upon which the as- 
phaltic concrete was constructed could serve equally well for Portland ce- 
ment concrete slab. The writers fully agree. However, further his 
discussion, Mr. Sherard, discussing the economy these two deck ma- 
terials, states that the cost such Portland cement deck could have been 
reduced steepening the upstream face. The writers again agree, but feel 
compelled point out that, the rockfill material itself deposited 
the most economical manner, that is, dumping, the upstream slope should 
not steeper than the natural slope dumped and sluiced rock, approxi- 
mately 1.3. Further steepening, permit economy the use Port- 
land cement concrete, would require the use expensive rubble masonry 
wall retain the dumped rockfill material such steeper slopes. 


Mr. Sherard inquires about the thickness the graded in, in. ma- 


terial immediately underlying the asphaltic concrete deck. The purpose 
using this material was convert the relatively rough face dumped Zone 
material into relatively smooth and even surface upon which, after stabili- 
zation, the asphaltic concrete paving machine could moved deposit the 
first layer asphaltic concrete. 
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avoid excessive depth this finer material, the rockfill specifications 
suggested (but did not prescribe) that for Zone material the larger rock 
cation for another dam, the writers prescribed that the rock the Zone2 
material should not exceed in.; also that the upstream, sloping surface 
the Zone material rolled with vibratory roller large diameter. 

Thus the depth this surfacing material varies. The minimum depth can 
approximate zero, that is, where the rock Zone the prescribed sur- 
face. The maximum depth that the deepest, irregular surface space be- 
tween adjacent rock pieces the Zone material. the writers’ present 
offhand impression that such maximum depth should nowhere excess 
in. and that the average depth, that is, the total volume surfacing ma- 
terial used, divided the deck area, would not greater than in. 

The construction item for the surfacing work specified payment per square 
yard slope area and hence the actual amount material required for the 
surfacing work not known the writers. 

Mr. Sherard states that deck plate steel, used him rockfill 
dam Venezuela, more flexible than either asphaltic concrete Port- 
land cement deck. The writers agree and are the opinion that flexibility 
the deck material the greatest importance. However, they wish point 
out that asphaltic concrete deck much more flexible than Portland ce- 
ment deck and that flexibility greater than that asphaltic concrete 
deck, given reasonably good construction the underlying rockfill, proba- 
bly not required. 

Mr. Sherard further inquires about the method the “slope-flow” tests. 
The entire testing program, procedure and interpretation test results was 
described the writers their paper entitled: “Laboratory Investigation 
Asphaltic Concrete, Montgomery Dam, Colorado,” presented the annual 
meeting The Association Asphalt Paving Technologists Montreal, 
Quebec, Canada, February 19, 1958. This paper was subsequently published 
full the Proceedings that Association, Vol. 27, pp. 383-493. 

The testing method for the slope-flow tests involved, essence, the prepa- 
ration test specimens, from aggregates and asphalt used for actual 
construction (the latter varying percentages), prepared manner which 
simulated much possible actual construction methods, including base 
compacted crushed stone. These specimens were then subjected, when 
placed under various slopes, controlled temperatures from above, well 
from below. Flow measurements were made from markers the surface 
the specimen. 

The testing program did include tests pertaining ice mentioned 
Mr. Sherard. specimen asphaltic concrete and volume water were 
frozen solidly together and then tested for breakage. The frozen asphaltic 
concrete specimen was held rigidly hydraulic test machine and breakage 
effected application pressure the ice. each case the ice broke 
along plane practically parallel the surface the specimen, with- 
out affecting the asphaltic concrete surface any manner whatsoever. 

The dam has, date, gone through three winters and the owner reports 
May, 1959, “There are cracks nor checks evident, nor there any evi- 
dence ice scour abrasion.” 
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ROCKFILL 
STEEL-FACED DAM 


SYNOPSIS 


Speed construction and structural integrity were the chief advantages 
gained the use steel-plate facing rockfill dam built Venezuela 
1958. present, steel-plate facing seldom considered for use earth 
and rockfill dams, although number such dams have been built the past 
and have seen many years satisfactory service. The principal reasons for 
not considering steel facing the dams have been concern about possible corro- 
sion the steel and cost. However, the advantages offered steel-plate im- 
pervious membranes for dams are such justify the consideration this 
type construction under some site conditions. Experience with structures 
the Western United States gives weight this statement. 


RIO LAGARTIJO LOW DAM 


recent years the demand for domestic water Caracas, Venezuela, has 
grown considerably faster than anticipated, and severe shortage developed 
1957. During 1957 and 1958, water had severely rationed and sup- 
plemental supply had brought into the city tank trucks from sources 
outside the system. The cost the supplemental water and the inconveniences 
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caused the shortage led the Instituto Nacional Obras Sanitarias (INOS) 
accelerate the rate construction new storage facilities. 

Previously planned for construction the early 1960’s was large reser- 
voir formed earthfill dam 164 high the Rio Lagartijo, about 
miles southeast Caracas. The size this dam and the incomplete state 
the design studies made impracticable attempt its completion time 
alleviate the water shortage anticipated during the 1959 dry season. Con- 
sequently was decided proceed immediately with the construction low 
dam the Rio Largartijo some 3,300 upstream from the site chosen for 
the main dam. The low dam was expected have useful life only two 
three years. Because the temporary nature this structure, was 
able construct economically possible, consistent with complete 
safety. But the designers had keep mind the fact that although the dam 
was planned have life only few years, might used for much 
longer 

April 1958, the Venezuelan firm OTEHA, C.A., was commissioned 
prepare plans and supervise construction the “low dam,” have height 
ft. Construction started May, filling the reservoir started Septem- 
ber, and the dam was completed 1958. The water stored 
during the rainy season 1958 provided sufficient additional supply for 
Caracas prevent serious shortage 1959. 

The brief time available for design and construction, and the imminence 
the annual rainy season, prohibited consideration conventional earthfill 
dam. 

Because the very limited time available and the fact that borrowpit 
explorations laboratory studies had been made, the engineers concentrated 
immediately rockfill design. Alternate plans were prepared for rockfill 
dams having upstream impervious membranes reinforced concrete and 
plate steel. The contractor made cost estimates for each and concluded that 
the plate steel was the cheaper. 

section through the dam, constructed, shown Fig. The foun- 
dation layer made dense stratum river gravel. Underlying the 
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FIG, SECTION THROUGH RIO LAGARTIJO DAM SHOWS TYPES FILL 
AND STEEL-PLATE FACING UPSTREAM FACE 


gravel layer sandy silt. Time was not available remove the allu- 
vium down bedrock. Time was not even available for careful field and 
laboratory exploration the characteristics the silt layer. few small- 
diameter Shelby-tube samples were obtained from various points the silt 
layer, and some classification tests and unconfined compression tests were 
performed. 

Stability calculations, based the results the unconfined compression 
tests, indicated that the embankment could constructed with the slopes and 
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height indicated without danger foundation shear was expected 
that considerable foundation settlement would take place during and after con- 
struction. However, since the dam was sufficiently flexible withstand large 
differential settlements without rupture, the designers were not particularly 
concerned about this. 

cutoff wall seepage barrier, prevent excessive percolation through 
the foundation, was provided constructing 20-in.-wide concrete wall 
the upstream toe. This cutoff wall was constructed according the patented 
ICOS process. The trench was excavated bedrock drilling holes and ex- 
cavating between them with clamshell bucket. During the excavation the 
trench was kept filled with bentonite slurry, which prevented the walls from 
caving and eliminated the need for sheathing. After the trench was excavated 
bedrock, tremie methods were used place the concrete, which displaced 
the bentonite slurry mixture. Vertical pipes were placed the trench for sub- 
sequent grouting the bottom the trench, and permit drilling into the 
bedrock for further foundation grouting. 

Rock used for the embankment was hard, sound, bulky limestone, with 
maximum size tons. Only clean, large, hard rock was placed the em- 
bankment, which was constructed layers ranging from ft. was 
sluiced continuously with nozzles the largest size that could handled 
The sluicing was used consolidate the embankment and wash the 
fines into the interstices the rock embankment. The layer well- 
graded fine rock the upstream slope was obtained quarry-run fines. 
Gravel for the 5-ft-thick layer came from deposits the stream bed. Both 
these sloping layers were placed after the main embankment was completed. 
They formed cushion prevent high concentration stress between the up- 
stream steel face and the large individual rocks the embankment. 

Details the steel-plate connections are shown Fig. provide flexi- 
bility the steel membrane, which would allow deform without rupturing 
developing extensive tensile stresses, transverse expansion joints were 
provided vertically the face 33-ft centers. expansion joint consists 
simple fold steel plate, which permits considerable movement the 
steel the joint. All joints were continuously welded. 

The steel facing anchored into the underlying gravel layer bolts em- 
bedded concrete, also shown Fig. These are spaced apart hori- 
zontally and parallel the slope. 

the upstream toe the dam, the steel plate connected the top 
the concrete cutoff wall, using double-expansion joint. the abutments the 
steel plate sealed into 20-in.-wide concrete wall extending into 
the 

The steel plates, connections and expansion joints were fabricated Cara- 
cas. Large sections the upstream face were connected with field bolts be- 
fore completion the continuous fillet welds united all the plates and connec 
tions into watertight unit. Oddshaped plates fit the natural contours the 
abutment were cut and welded the field. The steel plates were placed di- 
rectly top the gravel layer, which had been carefully compacted 
plane sloping surface grade. the middle the day the plates became 
hot that they were difficult handle. Work them was done only during the 
morning and evening hours, between and a.m. and and p.m. Connect- 
ing the plates when they were hot and expanded was thus avoided. 

This construction procedure differs from that several dams the 
United States, where steel plate gravel. During construction 
the United States dams, the steel plates were placed carefully leveled 
lightweight steel angles. After the plates were fastened the angles, the 
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space between the plates and the embankment was backfilled with gravel. 
The angle frames were left embedded the backfill, the legs acting an- 
chors for the plates. This method resulted slightly smoother and more 
attractive face than was obtained placing the plates directly gravel. 
About eight weeks were required for completing the construction the steel 
face for the Rio Lagartijo Dam (Fig. 3). 
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most interesting feature this dam the provision cathodic pro- 
tection for the steel plate (Fig. 4). This probably the first installation 
which such protection has been used. The protective system was developed 
the engineers INOS result experimentation with cathodic protec- 
tion steel members the Mariposa water treatment plant for Caracas. 
Details are shown Fig. 

The cathodic protection system operated from 110-v alternating current 
that fed into rectifier. The rectifier grounded directly the steel 
plate with copper cable near the crest the dam. The positive lead 
through shunts used steel rails that run vertically down the slope the 
dam. The steel rails are separated from the steel face 2-in. rubber 
insulators. The shunts provide each steel rail with potential about 

Using this system, the upstream steel face the dam becomes the cathode 
and the expendable steel rails the anode. Computations indicate that the steel 
rails will corrode rate about 100 per year. 

Experiments made the corrosion engineers INOS indicate that more 
current will flow the system during the first few months after the cathodic 
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protection system installed than later. Carbonates will deposit the steel, 
providing thin protective covering and deterrent the electricity. 
Consequently the power necessary for cathodic protection will diminish with 
time. 

Performance Record.—The reservoir was almost completely filled the 
end the 1958 rainy season. The level receded water was drawn off for 
the Caracas water supply during the 1959 dry season. The reservoir again 
filling during the 1959 wet season. 

The dam excellent shape. measurements embankment settle- 
ment have been taken, but settlement not great noticeable the 


FIG, FACING FROM 


FIG, PLATE TERMINATES 


CREST, NOTE EXPAN- CREST, CATHODIC PROTEC- 
SION JOINT AND RIDGE MADE TION BEING INSTALLED 
WIDE FLANGE 


SPLIT 


crest the upstream face. Even though the steel-plate facing was not painted, 
and the cathodic protection was not installed until July 1959, rusting the 
steel plates dur. the first year was negligible (Fig. 6). Considerable leak- 
age appeared downstream from the dam. Through the use dyes and observa- 
tion diver, was established conclusively that the leakage was through 

the upper part the foundation cutoff wall. The steel face was intact and 
watertight. 

The Rio Lagartijo Low Dam, described above, was designed and the con- 
struction supervised the Caracas engineering firm OTEHA, C.A. Work 
was carried out under the direction Dr. Diego Ferrer-Fernandez, ASCE. 
Construction was done the firm Technica Constructora Caracas. 


STEEL PLATE U.S. DAMS 


While there have been very few dams constructed the United States with 
steel-plate upstream faces, experience with these dams has generally been 
Corrosion the steel plate has not resulted severe maintenance 

Rockfill Skagway Dam was built about 1900 the Rocky Mountains near 
Victor, Colo. has height ft. The steel plate the upstream face has 
thickness 1/2 the bottom, 3/8 in, mid-height, and 1/2 in. the 
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top. The facing was “riveted and calked the same thorough manner 
boiler practice.” 
the past years the steel face has been given two complete treatments 


cleaning, chipping, buffing and painting. The last these was 1940. 
Concerning its present condition, the owner states: 


“Through the years the steel face has become pitted, but not the 
extent become are not able examine the fill 
side the steel, but have examined the portion extending above the 
fill the cap the dam ground level and find that has suffered 
less damage than the water side. The steel face has not received 
the maintenance should have but has stood the years very well.” 


When considered that this steel facing about years old and that 
the quality the steel probably much less uniform and desirable than that 


use today, this very good recommendation for the durability steel 
plate the upstream face dam. 
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FIG, 5.—CATHODIC-PROTECTION FEATURES ARE INDICATED END DAM 


SEEN USED RAILS ACT ANODES; THE STEEL-PLATE 
FACING ITSELF SERVES CATHODE 


Gravel-filled Vado Dam, with 1/4-in. steel plate the upstream face, 
was constructed New Mexico 1934. The dam has maximum height 
175 and 1.5 upstream slope. The maintenance forces report that “the 
steel plate excellent condition the present time and with minor 
inexpensive repair work from time time should have life long the 
dam.” 

Two other earth gravel dams 100 height, constructed the 
Rocky Mountains Colorado the early 1930’s, have 1/4-in. steel plate 
the upstream face. Detailed information the maintenance these dams 
lacking but the writer has inspected their steel faces several times the 
past years. They appear excellent shape and there are signs 
undue corrosion. From experience with these structures, can conclud- 
that corrosion has not been serious problem steel-faced dams and that, 
with reasonable maintenance, the steel face can considered permanent. 
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ADVANTAGES STEEL-PLATE FACING 


Flexibility, watertightness and best distribution reservoir water pressure 
are advantages attained steel-plate facing. The steel plate itself very 
flexible and can withstand great deal embankment movement without dan- 
ger rupture. Through the use simple and economical expansion joints, 
the type used Rio Lagartijo Dam, the steel-plate facing can made suf- 
ficiently flexible withstand whatever settlements embankment founda- 
tion likely undergo. 

For all practical purposes, steel-plate facing completely impermeable. 
When supported uniform layer compacted gravel, the steel plate not 
required resist bending tensile stresses and acts only water barrier 
impervious membrane. Used this fashion, thin steel plate capable 
acting impervious membrane for reservoir any depth. 

The further upstream the water pressure resisted the dam, the great- 
the stability earth rockfill dam when the reservoir full. The 
steel upstream membrane resists pressure the plane the upstream face, 
which the optimum condition. Assuming proper drainage, there pro- 
blem decreased slope stability caused internal pore pressures, following 
“rapid drawdown” the “steady state seepage condition.” The dam not 


FIG, 6.—UPSTREAM FACE RIO LAGARTIJO DAM AFTER ONE SEASON USE 


subject the weakening influence water seeping through the embankment. 
Consequently earth dams with steel faces are very different structures from 
ordinary earth dams and can constructed steeper slopes. 

Steel-plate facing provides complete protection against the erosive forces 
waves. 


DRAWBACKS 


There are three principal disadvantages the use steel plate: (1) the 
cost, (2) the possibility damage due corrosion, and (3) the necessity for 
drawing down the reservoir level occasionally for inspection and possible 
repairs. The cost major disadvantage, particularly for low dams. 
the present time the United States, should possible put 1/4-in. 
steel plate place the upstream face dam for $20 $25 per yd. 
For low dam the cost the steel plate would appreciable part the 
total cost the structure. For high dams, which are thick the base, the 
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cost the steel plate relation the cost the embankment becomes much 
less. Consequently, the higher the dam, the better the competitive position 
steel facing. 

Fear corrosion has probably been the main deterrent the use steel 
plate dams. However, experience has shown, discussed above, that the 
few steel-faced dams the United States have been remarkably resistant 
corrosion. Advances corrosion engineering should make possible re- 
duce this danger zero, although many engineers would consider this 
essary. 

would probably wise use steel face the upstream slope dam 
only where would possible, without excessive cost and inconvenience, 
completely drain the reservoir intervals inspect the condition the face 
and repair the steel plate necessary. the other hand, any earth rock- 
fill dam may develop trouble sufficient magnitude make extremely de- 
sirable drain the reservoir completely. Also, some repair work can 
done the steel face divers, which advantage not enjoyed earth 
dams with internal clay cores that may develop cracks leaks. Therefore 
the necessity for drawing down the water level constitutes only slight dis- 
advantage for steel-plate face. 

summary, the writer believes that the data available indicate that steel- 
plate facing should receive more consideration from dam designers than 
has the past. Some site conditions that make especially desirable con- 
sider steel upstream face will now discussed. 


CONDITIONS FAVORING STEEL FACING 


Impervious Soil.—Where impervious soil for earth core not avail- 
able within economical haul distance, upstream diaphragm steel plate 
may serve the purpose very well. 

Possibility Embankment Cracking.—Recently some earth dams have 
cracked result differential settlement. This particularly alarming 
since there are reliable criteria which the possibility cracking can 
analyzed and steps taken avoid it. The problem becoming increasingly 
severe the height dams becomes greater and greater. some dams, in- 
tricate and expensive drains and graded filters have been provided minimize 
the danger seepage through possible embankment cracks. The use 
impervious membrane steel plate would eliminate all danger failure 
caused excessive seepage through embankment cracks. 

Economy with Hard Rock.--Where the abutments and foundation for dam 
consist strong rock, and where ample supply strong granular em- 
bankment material available, the steel-plate upstream membrane may re- 
sult the most economical design, even clay available for impervious 
core. clay core used, the embankment will probably constructed 
with slope 1/2 upstream and perhaps downstream. the em- 
bankment constructed using only the strong granular material available and 
upstream steel face, there will danger embankment sliding, with 
water held completely outside the structure. Consequently the embankment 
slopes can made steep practicable from the construction standpoint, 
which may 1.2 steeper. Obviously the steel-face design would have 
much smaller embankment volume and might considerably cheaper. 

Severe Wave Action.--Where severe wave action expected the reser- 
voir, and rock for riprap blanket involves exceptionally long haul, the 
cost any type suitable wave protection may approximate that steel plate. 
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ROCKFILL DAMS: 
DALLES CLOSURE DAM 
Robert Pope 
With Discussion Lawton; and Robert Pope 
he 
SYNOPSIS 
Construction closure dam for The Dalles project 180-foot depth 
water with flows 200,000 c.f.s. presented problem solved the design 
and construction rockfill structure, two-thirds which was built under 
water without use cofferdams. 
gly 
in- INTRODUCTION 
ize 
The Dalles Dam, located 192 river miles above the mouth the Columbia 
River and about miles above the City The Dalles, multi-purpose pro- 
ject the interest power, navigation and irrigation. The ultimate capacity 
generated power will 1,743,000 kilowatts, slack water navigation pro- 
vided for over river miles and minor irrigation and recreation benefits are 
also obtained. Construction the project was started February 1952, the 
closure dam was completed April 1957. Four the turbines are currently 
operation and completion turbines which will provide installed ca- 
em- pacity 1,119,000 scheduled for November 1960. Normal pool ele- 
vation 160 and average tailwater elevation 74, furnishing power head 
about 
Note.—Published essentially printed here, August, 1958, the Journal the 
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The aerial view figure shows the site for The Dalles Dam ap- 
peared 1951 before start construction. Bedrock the site was formed 
series superimposed basalt flows which are exposed benches and 
cliffs both sides the river. The most significant structural feature 
the Big Eddy fault which crosses the axis the closure dam the river chan- 
nel and undoubtedly responsible for orientation the channel. The river 
flow deflected from west south Big Eddy through restricted outlet, 
then turns back west along narrow channel for five thousand feet, then 
makes second curve resume its westerly course. 

study the site logically led the location the spillway designed 
pass over million c.f.s. and the powerhouse for ultimate development 
1-3/4 million kilowatts the rock shelf which was skirted the river chan- 
nel three sides. Plenty room was available this location for construc- 
tion with minimum cofferdaming while the river continued flow its 
main channel. aerial photo, figure taken March 1956 shows the con- 
struction that date. The navigation lock, spillway, non-overflow dam 
and powerhouse structures are essentially complete. The only missing major 
structure for the project closure dam the narrow outlet from Big 
Eddy. 


General Plan 


the location selected for the closure dam, the river was restricted 
width about 600 feet, the point the vicinity. The original depth 
the river this area varied from 120 180 feet. Approximately one mil- 
lion cubic yards rock from preliminary powerhouse excavation had already 
been placed the closure area, reducing the depth water the axis 
about feet. Upstream the river bottom dips down into the depths the Big 
Eddy pool which was 200 feet depth with bottom elevation 118 feet below 
mean sea level. 

rock and gravel embankment was the obvious choice for the type 
structure this location due abundant supply these materials adjacent 
the site. However, conventional construction methods, including cofferdams 
for dewatering the foundation presented difficulties which were readily ap- 
parent. 

The general plan developed for constructing the closure dam consisted 
first constructing dumped rock diversion fill divert the river flow through 
eight skeleton units the powerhouse, then completing the closure dam 


raising the dumped rock fill and placing impervious blanket the upstream 
face. 
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FIG, 1.—VIEW DAM SITE, APRIL 1951 


FIG, CONSTRUCTION, MARCH 1956 
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DALLES DAM 
Schedule Limitations 


The most difficult aspect design The Dalles closure dam was develop- 
ment plan which could scheduled for completion within rigid time 
limitations imposed the duration low water season for diversion through 
the powerhouse, weather conditions and minimum interference with river 
navigation and fish migration. 

The favorable low water season for construction the Columbia River 
extends from October through February during which time the mean daily 
flow approximately 100,000 cubic feet per second. Flows greater than 
200,000 cubic feet per second have not occurred prior November and 
flows greater than 300,000 cubic feet per second have not occurred prior 
December 23. All winter floods are short duration. The longer duration 
spring freshets due snow melt, starts its rise after April generally 
peaks during June and has produced peak flows high 1,240,000 cubic feet 
per second. was, therefore, necessary design the diversion fill that 
could constructed during the early winter months, during possible winter 
flood flows 300,000 cubic feet per second. was also necessary have 
the closure dam sufficiently complete close the gates the skeleton units 
the powerhouse and raise the pool pass the flow over the spillway prior 
the spring freshet, flood flows excess 300,000 c.f.s. through the 
powerhouse would threaten serious damage. This was because the structure 
could not designed for summer floods. 

Since barge traffic the river important factor the regional 
economy, was necessary hold minimum the time closure this 
traffic. Before construction The Dalles Dam, navigation the river for 
about miles non-navigable river had been bypassed through The 
Celilo canal with its entrance just downstream the closure damsite. The 
actual time closure barge traffic was less than months. This was ac- 
complished permitting continued operation The Dalles-Celilo Canal until 
necessary close the gap for completion the dam. transfer pipeline was 
also provided from below the dam the canal above permit continued 
movement petroleum products during the short period navigation inter- 
ruption. 

more-or-less continuous migration salmon and steelhead the 
Columbia River spawning beds above the dam site occurs from late April 
through October. Since obstruction these runs would result considerable 
and recreational loss the region, obstruction the river chan- 
nel had delayed until October and the pool raised the following April 
enable operation the fish passing facilities. This would avoid the ex- 
pense and difficult operations temporary fish passage facilities. 

Fortunately the favorable construction season with regard river flows, 
navigation and fish migration coincided reasonably well. However, these re- 
strictions imposed 6-month schedule for the placement almost 2,000,000 
cubic yards material the main part the closure dam during the winter 
season with severe winter weather and high river flows probable during the 
last months. was therefore necessary facilitate construction every 
possible way. Construction procedures were planned that occurrence 
normal winter floods icing conditions would cause only minor interference 
with the schedule and emergency measures were planned assure sufficient 
completion allow closure the powerhouse diversion even the event 
the occurrence record winter flood. 


DALLES DAM 477 


Diversion Scheme 


Completion within the required time was dependent upon development 
diversion method which could rapidly completed with certainty under all 
expected river and weather conditions. Previous river diversions the 
Columbia and Pend Orielle Rivers had been end dumped using rock varying 
maximum weight from tons, constructed with tetrahedons placed 
from overhead cableways. The use heavy rock similar construction 
methods were considered necessary during early planning for The Dalles 
diversion fill. However, further study indicated considerable advantage could 
obtained the construction adequate diversion channel the skele- 
ton units the powerhouse. Excavation diversion channel 695 feet 
width with bottom elevation reduced the head required for diversion 
and actually permitted percent the river flow through the skeleton 
units the powerhouse before the diversion fill was started. increased 
width diversion fill was also advantageous that reduced the gradient 
through the closure gap and addition, provided adequate working width for 
the contractors operations the fill. increased width diversion fill 
was economically feasable because the diversion fill was incorporated 
into the completed closure dam. Construction fill approximately 250 feet 
width with upstream leading edge created more favorable hydraulic con- 
ditions, dissipating most the energy the upstream edge which permit- 
ted the smaller rock deposited downstream but within the width 
diversion fill. 

Because the limited time available for construction the diversion and 
unusual channel and hydraulic conditions, series model studies were con- 
ducted the Bonneville Hydraulic Laboratory. The studies were made 
1:40 scale model the closure area. number variations the con- 
struction method were studied including various rock sizes and different 
placement procedures. These studies varified the feasibility constructing 
the diversion fill end-dumping methods and demonstrated that closure 
could made using quarry-run rock having maximum size 1,000 pounds. 


Blanket Design 


Design the upstream blanket sections was governed the usual criteria 
regarding slope and foundation stability, seepage control and filter protection. 
Since construction time was the essence, complicating refinements sec- 
tion were avoided the fullest possible extent and serious consideration was 
given the practical limitations inherent underwater work with respect 
segregation materials during placement, the difficulty inspection, and 
the probable accuracy underwater survey measurements. 

Extensive explorations were conducted search for materials suitable for 
blanketing the upstream face the rockfill dam. These explorations revealed 
adequate supplies poorly graded, sandy gravels; well graded, sandy gravels; 
and abundance non-plastic silts and fine sands. Silts and fine sands were 
considered undesirable for underwater placement because flat slopes re- 
quired and sensitivity flow slides. Design the blanket section and selec- 
tion materials was dependent first determining the method for under- 
water placement materials. Serious consideration was given devising 
methods for placement which would minimize segregation and insure stable 
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construction slopes. Most the methods considered had disadvantages 
slow construction rates, high costs, required special equipment which 
would expensive, untested and unfamiliar the contractors. The method 
considered most feasible was place all underwater material end- 
dumping the water surface slightly above except for minimum width 
upstream blanket which would lowered place. All underwater slopes 
were built the natural angle repose the dumped materials except the 
final outside slopes the completed dam. This method limited the choice 
blanket materials granular materials with non-plastic fines which would 
assume reasonably steep underwater slopes without incurring danger large 
slump failures during construction. End dumping and building slopes the 
natural underwater angle repose had the advantage low cost, fast place- 
ment rate and required minimum underwater survey control. 

typical cross section the Closure Dam shown figure The top 
the dam 295 feet above the upstream toe the blanket material and the 
length dam approximately 2,000 feet. The upstream slope above 
elevation and 2.3 below elevation 90, the major portion which was 
constructed underwater. The downstream slope 1.5. Top width the 
dam feet accommodate road and railroad access the upper deck 
the powerhouse. berm the downstream slope provides access the 
lower deck the powerhouse. Base width approximately 1,200 feet. The 
section below elevation 90, approximately percent the cross sectional 
area the river channel, was designed obtain the greatest possible advan- 
tage the rapid placing rates made possible end dumping methods. 

Materials the various zones grade coarseness from quarry-run rock 
sandy gravel. Each zone acts filter for the next adjacent upstream 
zone finer material. Rock from preliminary powerhouse and cofferdam 
excavations which was placed the closure area approximately elevation 
during the early stages construction was dumped truck from barge 
anchored the river for pontoon roadway. The maximum depth this fill 
was about 125 feet which left feet depth water over the fill low river 
flow. The remaining quarry run rock and spalls for the embankment came 
from quarry the Oregon shore near the end the abutment. The rock 
was hard, durable basalt with unit weight 175 180 pounds per cubic 
foot. The rock was used quarry run sizes which ranged from 200 300 
pound average weight. Rock spalls were reasonably well graded with 12- 
inch maximum size. Rockfill and spalls placed above the water surface were 
spread layers feet thickness depending the maximum size 
rock and compacted with the spreading and hauling equipment. 

Gravel was obtained from river bar deposit about miles upstream 
the dam. Material from this source consisted skip graded sandy gravel 
with maximum size about 4-inches and lacking material between the No. 
and mesh screen size. The gravel was used came from the pit, 
placed below water end dumping off the edge the fill and above water, 
spread layers 18-inches thick, and compacted with passes 50-ton 
rubber tired roller. 

The upstream blanket was constructed sandy gravel obtained from high 
terrace deposit about miles east the site. This material was well 
graded sandy gravel containing about percent sand. The blanket ma- 
terials were placed the same way the gravel except that the outer wedge 
elevation was lowered into place prevent segregation and 
thereby insure that the coarse materials which accumulated the base the 
dumped material would adequately blanketed. 
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Providing stability against sliding dam constructed entirely granu- 
lar materials the manner described relatively simple problem. 
safety factor 1.0 against surface slides inherent the method under- 
water construction slopes the natural angle repose. Flattening the 
finished upstream and downstream slopes increased the minimum safety 
factor 1.5 better for any applicable condition analysis. The safety 
factor the upstream slope further increased with normal reservoir 
level due the sloping upstream impervious blanket. 

Laboratory permeability tests the sandy gravel blanket material indi- 
cated permeability ratio from 10-3 feet per minute. This 
many times faster than the permeability usually considered necessary for 
impervious zone, but the computed seepage loss 100 170 through 
the newly completed blanket was expected decrease considerably with time 
silt deposited the outer slope. 


Foundation Exploration 


Preliminary foundation explorations the closure channel had been 
limited extent due the difficulties underwater explorations, obvious 
exposures solid basalt rock each side the channel and because was 
expected that the high river velocities the channel would keep the river bot- 
tom swept clean. This had been partially verified few difficult and costly 
inspections made team divers 1945. When more detailed informa- 
tion was required for final design, was found that the river currents were 
too swift many areas obtain reasonably complete examination the 
river bottom use divers. closed circuit television camera water- 
tight case operated cables from barge was then utilized survey the bed 
the river. 

The camera was operated swift water first lowering heavily 
weighted anchor line the river bottom. The camera was then lowered with 
slip rings attached the anchor line. The camera was mounted tripod 
frame provided with lights for underwater illumination shown figure 
Record photographs the foundation conditions were made from the moni- 
tor screen. Riverbed materials were identifiable the television screen 
shown the photograph figure 

Considerable information was quickly and obtained use 
the underwater television camera. was learned that approximately one- 
third the foundation was covered sand gravel, and boulder deposits 
were found the base steep underwater cliffs. The upstream toe the 
rock fill placed during powerhouse excavation was carefully mapped. Annual 
surveys both camera and hydrographic surveys were conducted follow- 
ing each spring freshet observe any erosion the fill had occured and 
the amount and nature any deposition front the fill. The rock fill with- 
stood four annual flood flows before completion the closure without appreci- 
able erosion and maximum feet coarse gravel was deposited adjacent 
the upstream toe fill. Underwater mapping with the camera eliminat- 
areas exposed bedrock from further exploration and difficult and costly 
drilling was restricted gravel and sand areas. The next step was deter- 
mine the depth, gradation and permeability the alluvial material. Consider- 
able difficulty was experienced obtaining suitable borings due swift river 
currents and water depths 120 feet. Drilling was accomplished 
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operating through the center well barge. outer 6-inch casing, guyed 
near the bottom and midpoint, was lowered and seated into the riverbed. 
4-inch casing was lowered inside this and the boring and inside casing ad- 
vanced bedrock the usual methods chopping, washing and driving. 
Bedrock was cored with diamond bit. 


DRILL ROD 


DRILL ROD CASING 
DRAIN HOLE 
PLUG WATER PASSAGE 
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FIG. INTAKE SAMPLER 


Samples overburden sands and gravels were obtained the 4-inch cas- 
ing was withdrawn using side-intake soil sampler which was shop built from 
3-foot section flush joint casing shown figure This sampler 
was lowered the drill rods the elevation which sample was desired 
and the 4-inch casing then raised until the bottom was above the opening 
the sampler, but not above the top shoulder the sampler. The sampler was 
then rotated slightly and withdrawn. total borings were made the 
river bottom which were sampled the above method. addition 
the borings, the top rock was sounded probings define the edges the 
fault. Consistent results were obtained the above sampling method and 
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believed that the samples obtained were representative foundation mate- 
rials, although the opening the sampler would not permit the entrance 
stones over inches diameter. 

The river channel explorations revealed gravel filled fault 130 feet 
width and feet depth, extending from approximately the center- 
line the dam the bottom Big Eddy. barrier across the fault ap- 
proximately the centerline the dam prevented the sand and gravel filling 
from being transported downstream. Rock walls the fault are evidently 
very steep. One boring located the edge the fault broke through rock 
into underlying gravel which indicated the presence overhanging rock 
wall. The fault filled with stratified deposits fine sand, skip-graded 
sandy gravel and coarse open gravel. 


Foundation Studies and Treatment 


The amount seepage and the location and magnitude critical seepage 
gradients the sand and gravel filled fault were studied with the aid flow 
nets based somewhat simplified foundation conditions found from the 
river borings. For this purpose the gravel filled fault was divided into 
strata based average relative permeability ratios. The flow nets were 
considered only approximations the actual seepage pattern, but they indi- 
cated locations critical areas and the relative values gradients and 
seepage quantities. Permeability ratios used the flow nets were obtained 
from laboratory permeability tests performed samples obtained the 
side-intake sampler. 

The flow nets drawn represent seepage conditions the gravel and sand 
beneath the closure dam without any foundation treatment such the blanket 
extension shown figure indicated seepage gradients sufficient cause 
migration the fine sands the foundation into the gravel and rock zones. 
Such piping would not greatly endanger the stability the closure, but could 
result subsidence the foundation under the blanket and gravel zones suf- 
ficient disturb the blanket and cause concentrated leakage which would 
difficult correct. 

Corrective methods studied included upstream blanket, placement 
graded filters prevent transportation fines, pile cut-off rock and 
partial cutoff trench. The plan blanketing the area upstream from the toe 
the dam was adopted the most practical and economical for underwater 
construction. The blanket extension the lowered-in-place portion 
the blanket zone, and constructed using the same well graded sandy gravel and 
placed the same method. The blanket extends upstream from the toe the 
dam for distance approximately 250 feet. The seepage gradients under 
the blanket and gravel zones the dam were effectively reduced, and the esti- 


mated quantity seepage through the foundation was reduced from 260 110 
cubic feet per second. 


Construction 


contract for construction the closure dam was awarded October 
1955. This allowed nearly year for construction haul roads the borrow 
and quarry site and for construction portion the dam the left 
abutment. The diversion fill was started September 10, 1956 dumping rock 
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the main river channel from the Oregon shore. The actual diversion 
closely followed the method which had been verified model study. 240- 
foot frontal width fill provided adequate space for expedited rock place- 
ment program. The upstream edge the fill was maintained slightly the 
lead minimize loss rock outside the dam section the model study had 
demonstrated. The final 25-foot width river channel was closed period 
minutes October 17, 1956 concentrating all dumping 60-foot 
wide leading edge. During this critical stage closure the river flow was 
111,000 c.f.s. and head approximately feet through the closure gap 
created velocities about feet per second. The photograph figure 
shows the diversion fill nearing completion. 

End dumping and gravel followed advancement the diversion fill 
closely river velocities through the remaining gap would permit. All 
material dumped under water was first dumped the edge the fill 
and then dozed over the shoulder which was maintained not more than feet 
above the water surface. These precautions assured under water slopes 
the natural angle repose. difficulty was experienced with shoulders 
breaking back slides within placed material. The under water dumped 
angle repose the gravel averaged 1.8, blanket material 1.7, 
and rock 1.3. Material for the lowered place blanket and 
upstream blanket extension was placed use 12-cubic yard skips lowered 
with 100-ton derrick barge. The skips were not dumped until contact 
with the bottom order minimize segregation during placement. 

Under water inspections were conducted divers the completion 
each stage blanketing. Particular attention was given all areas which 
the blankets contacted steep under water slopes the sides the deep chan- 
nel and adjacent the Oregon and Washington shores. These inspections re- 
vealed unfilled rock overhangs and unblanketed talus slopes the base un- 
der water cliffs. Gravel was packed into the rock overhangs jetting and 
additional blanket material was placed adjacent the contact areas the 
form fillets assure adequate sealing these critical zones. 

Under water surveys prior start construction were conducted mainly 
with sonic depth finders, but construction surveys lead line for greater 
accuracy were feasible due the existence quiet water after diversion had 
been accomplished. 

The closure dam was essentially complete time for the scheduled filling 
the reservoir. The pool was raised two increments. March 10, 1957 
10:00 the intake gates the diversion powerhouse units were simul- 
taneously closed, and 4-1/2 hours the pool had raised approximately 
feet spillway elevation 121. the following weekend, March and 16, 
the spillway gates were lowered and the pool raised elevation 155. Naviga- 
tion was then restored through the new navigation lock and the fish passage 
facilities placed operation time for the spring salmon run. full pool 
elevation 160 was delayed until July order complete necessary re- 
visions upstream railroad bridge. Figure shows the closure dam 
essentially complete with the pool elevation 155. 


Performance Record 


The only observable leakage since completion occurred the Oregon 
shore between the left abutment and the old ship canal. Leakage about 
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100 gallons per minute the extreme end the abutment was sealed 
grouting joints the rock which probably had been loosened railroad con- 
struction. Considerable leakage was observed the old ship canal when the 
pool was first raised, but attempt was made stop this leakage. 
probable that the total leakage through and under the dam less than was an- 
ticipated because salmon have been attracted the pool the downstream 
toe the dam would the case appreciable flow still occurred. 
Settlement hubs along the top the dam indicate about 0.5 foot settle- 
ment occurred 3-week period during and immediately following raising 
the pool. About foot additional settlement has occurred the following 
months gradually diminishing rate. The settlement has been propor- 


tional the depth fill would expected and has been slightly less than 
anticipated. 
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DISCUSSION 


for The Dalles project represents notable example the adaptability the 
rockfill dam difficult sites. this connection, would interesting 
the author could indicate the probable increase cost the alternative 
closure. 

clear from the paper that “the general plan developed for construction 
the closure dam consisted first constructing dumped rock diversion 
fill divert the river flow through eight skeleton units the powerhouse, 
then completing the closure dam raising the dumped rock fill and placing 
impervious blanket the upstream face”. However, not immediately 
clear what elevation the diversion fill was constructed, although the paper 
interpreted mean that the diversion fill was built maximum ele- 
vation 170 feet, approximately, above the foundation. Could the author 
clarify this point? 

Reference made the fact the diversion fill withstood four annual 
flood flows before completion the closure without appreciable 
Could the author indicate the velocities which are known have occurred 
over the surface the diversion 

The use the underwater television camera for examination the di- 
version fill another instance the great utility the camera, particularly 
when can used such difficult conditions the Big Eddy Pool. The 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
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procedure adopted for the placement the blanket appears very sound 
one. Could the author indicate the loss material which estimated have 
occurred placement? connection with permeability the sandy-gravely 
blanket, indicated the computed seepage loss 100 170 cfs 
through the newly completed blanket was expected decrease considerably 
with time silt deposited the outer slope”. there any indication 
this proving the case? 

The paper also makes reference the use sonic depth finders for the 
underwater surveys made prior the start construction, with the lead line 
being used after diversion. Could the author indicate the relative accuracy 
the two methods found under the site 


ROBERT —Alternate sites for The Dalles Project were consid- 
ered during the early planning stages, but rejected due unfavorable eco- 
nomics. feasable alternate method for construction closure dam 
the selected site was devised due the depth river this location. 

The river bottom within the foundation area for the diversion fill was 
approximate elevation -85 MSL. Rockfill obtained from excavation for the 
powerhouse was placed this area shown fig. approximate ele- 
vation +20 during the early stages construction. This was the portion 
the fill which sustained four annual flood flows before completion the clo- 
sure without appreciable erosion. River velocities the closure area were 
not measured during these floods but model indicate the velocities 
during the 823,000 cubic foot per second maximum flood 1956 have been 
feet per second foot depth, feet per second mid depth and feet 
per second feet above the bottom. 

The fill lift which diverted the river flow through eight skeleton units 
the powerhouse was end dumped about feet above the river surface ap- 
proximate elevation 85. The height the diversion lift was therefore about 
feet above the surface previously placed rock, but 170 feet above the 
original river bed. 

Loss rock during the diversion operation was held very small 
amount maintaining upstream leading edge the 240 foot wide diver- 
sion fill. Most the energy was thereby dissipated near the upstream edge 
and the smaller rock was deposited downstream but still within the width 
the diversion fill. Only the finest rock was carried downstream the dam 
section. The gravel and blanket materials were placed relatively quiet 
water and loss these materials occured. 

Unfortunately method measuring the quantity seepage through the 
embankment foundation has been devised. Considerable seepage could 
occur without noticeable evidence due approximately 180 feet depth tail- 
water. Underwater examination the upstream face for silting since com- 
pletion the dam has not been made. 

Reasonable agreement was obtained between sonic depth finder and lead 
line soundings for relatively level bottom conditions. However, when sound- 
ing sloping irregular surfaces, the accuracy the sonic method de- 
creased proportion the depth water and slope the bottom surface. 


Chf., Soils Engr. Section, Portland District Corps Engrs., Dept. 
the Army, Portland, Ore. 
“The Dalles Diversion Made With Rockfill Dam,” Marvin Webster, 
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ROCKFILL DAMS: 
BERSIMIS SLOPING CORE DAMS 


With Discussion Messrs. Lawton; and Patterson and MacDonald 


SYNOPSIS 


The Bersimis No. hydroelectric power development Canada involved 
the construction two earthfill and two rockfill dams. This paper describes 
the site, design, construction, and performance these dams. 


INTRODUCTION 


The Canadian Shield area the Province Quebec offers some the 
world’s most favourable sites for development hydro-electric power. 
These hydroelectric projects usually involve the construction large dams. 
the past many the major dams were constructed concrete, but now, 
because modern development dam construction and also for economic 
reasons, greater consideration being given earth and rockfill dams. 

The recently completed Bersimis No. previously known the Bersimis 
Lac Cassé Development,” involved the construction two earthfill dams, 
and two rockfill dams, which are among the first their type built 


Note.—Published essentially printed here August, 1958, the Journal the 
Power Division, Proceedings Paper 1740. Positions and titles given are those ef- 
fect when the paper discussion was approved for publication Transactions. 


Chf. Project Engr., Hydr. Div., Acres Co. Limited, Niagara Falls, 
Canada. 

Geotechnical Engr., Hydr. Div., Acres Ltd., Niagara Falls, 
Canada. 

“Bersimis Lac Cassé Hydro-Electric Power Development,” Rous- 
seau, The Engineering Journal, Vol. 39, pp. 373-386. 
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this region, proposed describe this paper the site and the design, 
construction and performance these two rockfill dams, 


Topography 


The topography large part the Province Quebec the north 
the St. Lawrence River rugged and traversed several large rivers 
which empty into the St. Lawrence. One these rivers, the Bersimis 
Betsiamites, flows southeasterly direction and reaches the St. Lawrence 
about 320 miles downstream from the city Montreal. Bersimis No. lo- 
cated the outlet Lac Cassé approximately miles from the mouth the 
Bersimis River. The general location shown Fig. 

Between the outlet Lac the mouth the river, the Bersimis, 
its natural state, fell approximately 1,150 feet. More than 700 feet this 
drop occurred the first miles below Lac Cassé. This topographic 
feature offered ideal conditions for the development power the river. 
Conditions also were favourable for construction dam the outlet Lac 
Cassé provide additional head for power development. 

the outlet Lac Cassé the Bersimis enters relatively narrow valley 
where fall feet occurs. small tributary, the Desroches River, joins 
the Bersimis just downstream the falls. There appeared choice 
constructing dams above the falls across both the Bersimis and Desroches 
valleys or, alternatively, one dam downstream the falls and below the con- 
fluence the two rivers. The former alternative was Fig. shows 
the location these dams relative the locations the other works included 
the project. 


Geology 
General Geology 


The Bersimis dams are located near the southerly boundary the region 
known the Canadian Shield which covers almost one-half the surface area 
Canada. This region uplifted peneplain small relief and ele- 
vation almost entirely below 2,000 feet. The Canadian Shield consists Pre- 
cambrian rocks which were worn down and rounded off intensive continent- 
glaciations during the Pleistocene Epoch. These several glaciations com- 
pletely rearranged the existing drainage pattern and covered the area with 
assortment till and glacio-fluvial deposits. Subsequent the last 
glaciation new and disorganized drainage pattern was created and some re- 
sorting the glacial deposits has occurred through fluvial action. Recent up- 
lift the land mass has resulted the existence marine deposits the 
areas immediately adjacent the lower St. Lawrence River.4,5 

The rocks the Bersimis area belong that part the Canadian Shield 
known the Grenville Series. This complex sedimentary gneisses 
which have been intruded anorthosites, gabbros, granites and diorites and 
their gneissic derivatives, and pegmatites. the Labrieville area the older 
sedimentary gneiss paragneiss and the granitic gneisses are underlain 
batholithic formation anorthosites and gabbros which outcrops the 
surface intrusions varying size. considerable amount faulting and 


“Geology and Economic Minerals Stockwell and Offi- 
cers the Geological Survey Canada, Economic Geology Series No. 
Geological Survey, Dept. Mines and Technical Surveys, Ottawa, 4th ed., 
1957, 517 pp. 


and Denis, Geological Report 20, Dept. Mines, Province Quebec, 
1944, 544 pp. 
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shearing has occurred both Precambrian and Postcambrian times but 

these fractures are almost invariably well-healed and recemented now. Fold- 
ing locally very pronounced the gneisses and numerous granite, diorite, 
and cut through the rock complex overlying the anorthositic 

During the last Pleistocene glaciation, the eastern portion Canada was 
covered the Labrador ice sheet which had its centre located near Lake 
Kaniapiskau, approximately 250 miles north Labrieville. Because this 
proximity the glacial centre, the Bersimis area was completely scoured 
down bedrock and the soils which now exist are entirely the result glacial 
deposition post-glacial erosional forces. The glacial soils consist tills 
which are found side hill deposits, and because the nearness the 
glacier centre and the mineralogy the bedrock they contain only small per- 
centages fine-grained clay-type particles. The most commonly occur- 
ring overburden formations are the terrace deposits which are glacio- 
fluvial and glacio-lacustrine origin. These terraces consist for the most part 
stratified silts and fine sands but also include some coarser sand and 
gravel layers. They occur thicknesses ranging several hundred feet 
and cover areas considerable lateral extent. Through these terraces, and 
much smaller degree through the till deposits, the new drainage system 
has been cut, and the eroded terrace soils have been redeposited ill sorted 
recent river and lake bed formations. 

Areas sensitive marine clays are found along the shores the St. 
Lawrence River, but these have not been found greater elevations than ap- 
proximately 400 feet. Along the Bersimis River these have been noted far 
miles upstream from the mouth, but they are absent the area the 
Bersimis dams. 

The Canadian Shield seismically one the least active zones known. 
However, shallow shocks moderate intensity occur near the edges the 
shield, particularly the St. Lawrence River valley, and seismic consider- 
ations must included the design structures this region. The near- 
est earthquake sizable magnitude occurred 1925 about miles down- 
stream from Quebec City and approximately 125 miles from Labrieville, and 
its recorded intensity the Gutenberg-Richter scale was 1935 tremor 


intensity 6.2 occurred the Temiskaming area, approximately 500 miles 
from Labrieville.7 


Geology the Site 


The detailed geology the Bersimis and Desroches dams shown plan 
Fig. and section along the axes the dams Fig. Beneath the 
Bersimis River and the south bank the Bersimis valley, bedrock out- 
crops overlain thin patches glacial till and lenses sand, gravel, 
and boulders. However, beneath the north bank the bedrock surface dips down- 
ward form what must have been pre-glacial drainage channel. This de- 
pression the rock has been infilled with succession till and varved clay 
and silt strata during glacial and interglacial periods. This complex 
materials reaches maximum thickness about 300 feet beneath the extreme 
north end the dam and decreases thereafter the rock surface rises 
reach the surface some distance above the dam. 

the several types rock referred previously, the only ones found 
within the immediate vicinity the Bersimis and Desroches dams are the 


“Preliminary Report Labrieville Area, Saguenay County,” Morin, 
333, 1956, Dept. Mines, Province Quebec, pp. 

“Seismicity the Earth and Associated Phenomena,” Gutenberg and 
Richter, Princeton University Press, 2nd ed., 1954, 310 pp. 
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paragneiss, pink and green granite gneisses, and green porphyritic granite. 

The Bersimis dam underlain for the most part paragneiss although 
the upstream toe and cofferdam rest upon pink and green granite gneisses and 
the south abutment cut zone green porphyritic granite running paral- 
lel the river. The foliation the gneissic deposits strikes the north- 
south direction and dips the east about degrees. The major 
system joints coincides with the orientation the foliation while the minor 
jointing consists two sets, one striking northeast-southwest and dipping 
about degrees the southeast, and the other striking northwest- 
southeast and dipping about degrees the southwest. The jointing 
general very tight and the amount surface weathering the rock was 

number minor shear zones varying width from foot feet were 
found occur along the dark bands foliation. These shear zones were 
chloritized but contained fault gouge and were very tight. One fault zone 
more than minor significance was found running almost parallel the down- 
stream toe the dam and dipping about degrees the northeast, thus 
cutting across the foliation. The fault proper was about feet wide and con- 
tained very dry, compact gouge. both sides the rock was shattered 
for width about feet, but the rock was, however, tight. 

The extreme south end the Bersimis dam underlain mass 
green granite gneiss which extends southeasterly direction form the 
entire north abutment the Desroches dam well the spillway area ly- 
ing between the two dams. The southerly half the Desroches dam under- 
lain succession green and pink granite gneisses, paragneiss, and green 
porphyritic granite which occur bands roughly paralleling the Desroches 
River. These rocks were exposed the surface over much the area the 
Desroches dam, although thin cover glacially and fluvially soils 
and talus existed near the river. 

the case the Bersimis dam the foliation the gneisses strikes 
the north-south direction and dips easterly about degrees. The major 
jointing coincides with the foliation and the minor jointing similar that 
which occurs the Bersimis valley. 

Structurally the rock the Desroches valley proved very sound 
condition, Surface weathering was extremely limited extent, and only one 
shear zone fault any significance was found. This shear zone about 
three-foot width occurred along the contact the granite gneisses and the 


paragneiss the south bank, and contained shattered and brecciated rock 
and fault gouge. 


Availability Materials 


general the Canadian Shield provides everywhere abundant supplies 
excellent rock for use rockfill dam construction. Surface weathering 
usually very minor and quarries can opened with only small amounts 
stripping being required. Almost all types rocks occurring the shield 
area are suitable for dam construction, although preference was given the 
construction the Bersimis dams the granite gneisses rather than the 
porphyritic granites and anorthosites was considered that the large 
crystal structure the latter would lead the production large amount 


fines during quarrying. The locations rock quarries are shown 
Fig. 
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Material for transitions usually available within economic hauling 
distances from glacio-fluvial recent fluvial deposits. Gravel deposits are 
usually fairly well graded and reasonably clean, but sand deposits, particular- 
when they occur terrace formations, tend uniformly graded and 
the fine side. For the Bersimis dams the transition materials were obtained 
from gravel deposit located shown Fig. 

Materials suitable for use impervious cores not occur abundance 
this part the Canadian Shield. Above the limit marine clays ap- 
proximate elevation 400 feet, water-lain clays occur only small patches 
varved clays. Clayey glacial tills containing maximum about per 
cent clay particles occur limited quantities and constitute the only im- 
pervious material the region suitable for sloping-core construction. One 
such deposit was located shown Fig. and proved sufficient and 
satisfactory for the construction both dams. 


Exploration Site 


Aerial photography the Bersimis area was already available the be- 
ginning the project and this was used early stage the studies ob- 
tain general appraisal the geology the area. This preliminary work 
was followed detailed geological mapping and subsurface explorations 
the site. Subsequently additional photographic interpretation was done lo- 
cate deposits suitable construction materials. While the borrow pits thus 
located were considered suitable for use, preference was given those shown 
Fig. which were found ground survey, since they were more economi- 
cal develop. 

Subsurface explorations were begun the dam sites 1952 and carried 
throughout 1953 and 1954. Diamond drilling was performed both dam 
locations determine the depth overburden, the quality rock, and the 
existence major structural features. Diamond drilling was also undertaken 
the river upstream from the Bersimis dam determine the most suitable 
location for the diversion tunnel intake, and along the diversion tunnel line 
prove the depth rock cover above it. Standard AXT core was obtained 
most the drilling, although some EXT core was also obtained. 

The presence the deep overburden deposit the north bank required 
additional explorations determine the nature and the state the soils form- 
ing it. These were done standard diamond drilling methods and churn 
drilling. The former method was found more satisfactory penetrating 
the very dense glacial till and allowing bedrock reached depths which 
sometimes exceeded 250 feet. Undisturbed soil sampling the usual methods 
was found impossible because the very dense and gravelly nature 
the glacial till and the frequent occurrence boulders within it. Disturbed 
tube samples were, however, recovered and from these the index properties 
the foundation soils were determined. Six test pits were sunk depths 
about feet feet obtain chunk samples the surface deposits for 
laboratory testing. 

Geophysical methods were employed the early stages the explorations 
determine the elevation rock along two profiles through the north bank 
the Bersimis River. The seismic method was used and, although did 
produce profiles that were general agreement with those subsequently 
For the most part the geophysically determined rock surface was 
higher than the actual one found drilling. 


{ 
q 
4 
| 


498 BERSIMIS DAMS 
Design 


General Arrangement 


The site chosen for the dams Lac Cassé required the construction 
dam the Desroches valley 1,100 feet long and 225 feet high, and dam 
the Bersimis valley 2,100 feet long and 200 feet high. The foundations for the 
Desroches dam were sound rock and, therefore, this site provided ideal 
conditions for construction any several types dam. The north bank 
the Bersimis River, however, was covered with thick mantle overburden 
which precluded the consideration mass concrete dam for that site. 
was believed that earth rockfill dam would most suitable for con- 
struction the overburden and, after investigation the availability ma- 
terials, decision was made favour the rockfill type. Economic studies 
also indicated that this type dam would the best choice for construction 
the Desroches valley. Therefore, the rockfill type was adopted for both 
dams. 

The decision favour the sloping-core type rockfill dam was made 
after consideration the construction methods which would most adaptable 
the site. was believed that the sloping-core design offered the following 
advantages: 


(1) allows for the placing rock high lifts. result minimum 
building and rooting roads required, and rock limited size 
only the loading and transporting equipment may 

(2) allows for the placing large volume the main body the dam 
separate and independent operation. This definite advantage 
where core construction may delayed because adverse weather 
conditions. 


The general arrangement the dams may seen Fig. The common 
rock abutment was excavated form overflow spillway, and gate section 
was subsequently constructed one end the spillway. 

The dams were arched upstream that the hydrostatic reservoir load 
would tend induce compressive forces the cores. 

Typical sections the two dams are presented Figs. and These 
indicate the design sections based both rock and earth foundations. 


Foundation Materials 


With the exception the north bank the Bersimis River, the foundations 
both dams were stripped down bedrock, the various types which are 
shown the geological plan Fig. the north abutment the Bersimis 
dam the design required the impervious core carried down trench 
relatively impervious stratum. Over much its length this trench was 
cut into the surface the upper till layer shown Fig. This till layer 
approximately 100 feet thickness and underlain fairly continuous 
layer varved clay and silt about feet thickness and lower till layer 
which about 100 feet thick and located beneath the extreme north end the 
dam. 

Both till layers have similar properties and for design purposes dis- 
tinction was made between them. The tills together with the interposed varved 
clay layer exist naturally very dense state, and believed that they 
have been overconsolidated moderate degree. The ranges particle size 
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gradations for the two materials are shown Fig. and the other know soil 
properties for them are summarized Table The values the effective 
shear strength parameters and were assumed for the purposes calcu- 
lation and are considered reasonable and slightly conservative. 


Dam 


Rock for the main rockfills and the upstream weighting zones both dams 
consisted almost entirely sound green granite gneiss. The maximum rock 
size allowed was governed the capacity the moving equipment, while the 
minimum size was rock dust which was not allowed constitute more than 
per cent any load. Soil and unsound rock were not allowed placed 
the rockfill. 

The impervious core protected three transition zones the down- 


stream side and two the upstream side. The material gradations that were 
specified were follows: 


Grade Ranging size from not more than per cent passing No. 
200 sieve that passing 1/4-inch sieve. 

Grade Gravel ranging from 1/4-inch minimum inches maximum 
size. 


Grade Rock ranging from inches minimum inches maximum 
size. 


Clean gravel was screened and the transition materials thus produced had 
gradation ranges shown Fig. 10. 


TABLE FOR NORTH BANK SOILS BERSIMIS DAM 


Dense Till 


Natural water content, in%.... 
Natural bulk density, 


Property Varved and 
Silt 
2.73 


127 145 125 134 
Coefficient permeability -cm/sec ..... 1072 1075 
Avg 10-4 


Effective shear strength parameters: 
degrees ....... 


720 


GRAIN SIZE MILLIMETERS 


FIG. 9.—BERSIMIS DAM NORTH ABUTMENT, PARTICAL SIZE DISTRIBUTION FOUNDATION MATERIALS 
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FIG, SIZE DISTRIBUTION IMPERVIOUS CORE AND TRANSITION MATERIALS 
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The impervious core material was well-graded glacial till with the 
following fraction proportions: 


Silt 
Sand 


The range gradings shown Fig. and its relevant properties are 
listed Table 

The coefficient permeability was found laboratory testing ap- 
proximately cm/sec and this was considered sufficiently low for use 
core type dams such the Bersimis and the Desroches. This permeability 
was also confirmed large scale field test which water under head 
450 feet was forced through sample the till, inches diameter and 
inches thick, for period three weeks. 

Triaxial shear testing was performed 4-inch diameter samples the 
till material smaller than the No. sieve compacted the mean placement 
water content and the mean placement dry density. These tests were per- 
formed under undrained conditions and pore pressure measurements were 
made during all tests. The results these tests indicated that the build-up 
pore pressures during construction would not exceed per cent the super- 
imposed load any point. Laboratory tests also indicated that the dissipation 
pore pressures would occur very slowly, the value obtained these 
tests being 3.2 10-3 cm2/sec. 


Stability Analyses 


Stability analyses were made the dams ensure that failure slid- 
ing would occur during any stage construction period future operation. 
The analyses were made terms effective stresses and were two-di- 
mensional scope. The geometrical shape and the location the potential 
failure surface were allowed vary and the slices method analysis was 
employed. 

The relevant properties the foundation and dam materials are contained 
Tables and addition these was assumed that the rockfill and the 
transition zone materials were free draining and that the angle shearing re- 
sistance for these materials was degrees relative density per 
cent, 

The types failure considered are shown Fig. 11. failure was 
considered the point maximum height dam, while Type was only 
possible where the Bersimis dam rested upon the north bank deposits. Type 
downstream failure similar Type which could only occur the 
Bersimis dam north bank. For downstream failure similar Type the 
minimum factor safety 1.0 for which the failure surface the down- 
stream slope the dam. 

Three conditions loading were considered, the construction case, the 
steady seepage case, and the drawdown case, and the minimum factors 
safety found are contained Table For the construction case, the pore 
pressure parameter was assumed 0.4 for the foundation materials 
and was taken from the triaxial test data 0.2 for the impervious 
core material.8,9 Dissipation pore pressures during construction 
was considered negligible.. The analysis was performed 


“The Pore-Pressure Coefficients and B,” Skempton, 
nique, Vol. IV, 1954, pp. 143-147. 

“The Use Pore-Pressure Coefficients Practice,” Bishop, 

Géotechnique, Vol. IV, 1954, pp. 148-152. 
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TABLE 2,—PROPERTIES IMPERVIOUS CORE MATERIAL FOR BERSIMIS DAMS 


Optimum water content, (Fraction No, 

Mean placement water content, (Fraction 


Maximum dry density standard Proctor com- 
paction test (Corrected for material 


Mean placement dry density lb/cu ....... 132 0.98 Proctor 
maximum 
Effective shear strength parameters: 
c', psf, construction case 1,300 


c', psf, steady seepage and drawdown cases 500 


TYPE 


FIG, FAILURE SURFACE CONSIDERED STABILITY ANALYSES 


TRANSITION ZONES 
> 
\ WMPERVIOUS CORE 
TYPE I MAIN ROCKFILL 
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for the condition when the dam was completed and the reservoir empty, and 

was stable for this condition failure intermediate stage con- 
struction was impossible. The analysis was then repeated for varying reser- 
voir levels, and the minimum factor safety 1.80 was found occur with 
Type failure and the reservoir elevation below 1170 feet. The variation 
factor safety with reservoir level shown Fig. 12. reality the reser- 
voir elevation rose during the construction the dam and the effect this 
was produce actual factors safety greater than those shown Table 

the analysis for the steady seepage case, was considered that the mini- 
mum probable operating reservoir level would 1275 feet and that steady 
seepage conditions would not set with reservoir levels lower than this. 
Complete saturation the impervious core was assumed have occurred 
when the steady seepage flow net became established, The pore pressures 
were determined from the latter and decrease due saturation the 
fill was allowed for. For these conditions the minimum factor safety 
2.15 was found for Type failure with the reservoir elevation 1275 feet. 

For the drawdown case was assumed that steady seepage conditions had 
been established before drawdown occurred. Therefore, was assumed 
1.0. Drawdown various levels was considered take place instantaneously 
and the minimum factor safety 1.70 for Type failure was found oc- 
cur when the reservoir lowered below elevation 1175. The variation 
factor safety with drawdown elevation shown Fig. 12. 


Settlement 


the design the Bersimis dams was realized that settlement would 
occur and that allowance should made for it. However, because the 


TABLE FACTORS SAFETY FOR STABILITY AGAINST SLIDING 


Failure Type 


Stability Case 


(Dam completed and reservoir risin 

(Failure Reservoir) 
Elevation 

(Minimum values for drawdown Unaffected 


elevation 1175 lower) Drawdown 
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FACTOR SAFETY 


RESERVOIR ELEVATION 


FAILURE SURFACE TYPE 


MIN. FACTOR SAFETY 


=< 
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SCALE 200 FEET 


FIG, 12,—VARIATION FACTOR SAFETY WITH RESERVOIR ELEVATION 
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sloping-core nature the dams was evident that the settlement the dam 
crests would result from movements the main rockfill, and that such settle- 
ments cannot rationally calculated but must estimated from previous 
experience. was assumed that settlement the rockfill would amount 
about per cent its height and that least two-thirds this would occur 
during construction. accommodate the movements expected after con- 
struction, ample superelevation was included the design. 

Foundation settlement confined the north bank deposit the Bersimis 
dam, but because the nature these soils good samples for consolidation 
testing were very difficult obtain and this precluded any accurate settlement 
calculation. However, rough estimate, based limited consolidation test 
data, showed that the foundation settlement would very small. Since only 
small portion this would occur after construction, additional allowance 
superelevation was made. 


Seepage and Transition Design 


Seepage from the reservoir the immediate vicinity the Bersimis dams 
was considered possible directly through the core, through the bedrock 
beneath around the dams, and through the north bank deposits. Seepage 
through the core was estimated, the basis the coefficient permeability 
shown Table the order cfs for the Bersimis and 
2.5 cfs for the Desroches dam. Seepage through the surrounding rock 
mass was considered much greater magnitude than seepage through 
the core, and reduce this flow water extensive cement grouting was 
carried out beneath the impervious core where rests upon rock. Blanket 
grouting depth feet was done 10-foot square grid spacing over 
this entire area, and addition this grout curtain was constructed ex- 
tending into rock from per cent the acting head water. the 
surrounding rock abutments were composed sound rock, additional 
abutment grouting beyond the limits the dams was deemed necessary. 

During the design the Bersimis dam, the possibility that the north bank 
foundation might prove more pervious than was considered desirable 
became matter This concern was increased during excavation 
the north bank core trench when some evidence stratification amongst 
the more pervious parts the deposit was uncovered. However, the impervi- 
ous core was carried down depths great feet, and was con- 
sidered that any seepage passing beneath the core would minor 
added precaution, attempt was made seal any underlying pervious 
layers lenses bentonite injections. Grout acceptance the foundation 
materials was very small. 

Transition zones both the upstream and downstream sides the im- 
pervious core were designed and specified outlined previously. These 
gradation specifications satisfy the filter requirements outlined Kar- 
poff,10 and the materials actually produced satisfied these requirements with 
the exception the finer portion Grade material. check the possi- 
bility particle migration with the actual materials large size permeability 
test was conducted the site with effective hydraulic gradient 180. 
After three weeks operation the steel pipe permeameter was cut open and the 
transition materials were examined, but evidence migration was found. 
the basis this test and view the fact that the maximum hydraulic 
gradient either dam less than 10, was concluded that the transitions 


10. “The Use Laboratory Tests Develop Design Criteria for Protective 
Filters,” Karpoff, Proceedings, ASTM, Vol. 55, 1955, pp. 1183- 
1198. 
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constructed would perform satisfactorily. The thicknesses the transition 
zones were determined the basis the minimum widths which were con- 
sidered practicable. 


Construction 


Schedule and Progress 


The schedule required construction started the fall 1953 and 
completed before the end 1955. keeping with this schedule, the con- 
tractor set camp near the dam sites and began stripping the foundations 
and quarry areas late 1953. Grouting foundations was also started be- 
fore the end the year. The cofferdams, diversion tunnel and diversion in- 
take were completed the spring 1954. 

The rockfill operation was begun the summer 1954 and proceeded ac- 
cording schedule, but the progress impervious core construction was 
slow due unusually wet weather. The 1955 season was much more favoura- 
ble for the construction earth fill, and the dams were completed, 
scheduled, before the end the year. 


Diversion 


The diversion the Bersimis River flows was complicated the necessity 
supply water temporary hydroelectric plant installed the head the 
falls immediately downstream from the dam. diversion tunnel feet wide 
feet high was constructed beneath the river bed, and rockfilled timber 
crib weir was constructed the outlet maintain forebay for the tempo- 
rary power house. channel was also excavated divert the river flows 
until the diversion tunnel was completed. The upstream and downstream 
cofferdams were constructed rockfill with impervious blankets. 

The diversion intake was provided with two gates feet wide feet 
high and capable operating under head 180 feet. These were closed 
the time scheduled for filling the reservoir. The intake also contained 102- 
inch diameter discharge regulator, which was operated discharge sufficient 
water through the diversion tunnel during the reservoir filling period oper- 
ate the temporary power plant. After the Bersimis power house was placed 
operation late 1956, the discharge regulator was closed and concrete 
plug was placed the tunnel beneath the impervious core the dam. 

Diversion the Desroches River flows was effected constructing 
concrete culvert along the bottom the steep right bank. 


Foundation Treatment 


With the exception the north abutment the Bersimis dam, the design 
both dams required that the foundations stripped rock. the case 
the Bersimis dam, however, the main body rockfill was dumped 
boulder field overlying the bedrock the river bed, and the upstream coffer- 
dam which formed the base the loading zone was constructed its north 
end relatively impervious overburden the river bed. 

The north bank the Bersimis River was stripped topsoil, and the earth 
abutment was cut regular slope receive the base transition. The cut- 
off the north bank was carried deeper than original plans called for due 
the occurrence pervious lenses the foundation. 


BERSIMIS DAMS 


Small volumes rock were excavated the core foundation area, es- 
pecially the Desroches Dam, correct adverse slopes. Concrete was 
placed some areas where uneven rock would make difficult compact 
impervious fill. 

Special treatment the Desroches dam was necessary shear zone 
intersecting the foundation the impervious core. The gouge was removed 
depth about feet from the upstream the downstream limits the 
core, and the trench formed was filled with concrete. shaft was also sunk 
along the dip the shear zone depth about feet, and this was filled 
with concrete form cutoff. 

Guniting the rock surface prepared for the impervious core was carried 
out over considerable area. The gunite was effective sealing open joints 
during the blanket grouting 
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Quarrying 


The two main quarries were located hill just upstream the two dams. 
During the 1954 construction season supplementary quarry was operated 
the north bank the Bersimis, using the coyote hole method. 
quarry was also opened the spillway site between the two dams. With the 
exception the coyote hole operation the north bank the Bersimis, all 
quarrying was carried out the benching 

The following list equipment used for quarrying and transporting 
rock: 


Drills 


Quarrymasters 
churn drills 


Shovels 
yard 
3-1/2 yard 
2-1/2 yard 

Trucks 
ton 
ton 

Borrow Pits 


screening plant was set about one-half mile from the source 
transition materials, and the gravels were separated into the three grades re- 
quired for the dams. Since the pit lay the area flooded, the transition 
materials were screened during the early stages construction and stock- 
piled the screening plant about two miles from the dams. 

The impervious material borrow pit was located hillside beside the 
main road about four miles from the dams. The material, glacial till, was 
very dense the natural state and there was problem excess moisture 
the undisturbed materials the pit even after heavy precipitation. The 
material was excavated benches using power shovels. 
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Rockfill operations for the main body the two dams were carried out 
end dumping from the fills they were advanced from the abutments. The 
fills were built from the north bank the Desroches dam and, with the ex- 
ception the rock obtained from the coyote operation, from the south bank 
the Bersimis dam. 

Rock was placed both dams high lifts and maximum height 140 
feet was reached the Desroches dam. Segregation the rock was apparent 
where the lift was high and, with the large rock concentrated the bottom, 
special attention was required the placing the transitions, mentioned 
later this paper. The lifts were advanced with minimum top width 
feet. This dimension was considered minimum for efficient operation. 

During the 1954 construction season the main body rockfill both dams 
was carried elevation 1240 with top width feet. the first stage 
construction the 1955 season the main rockfill was extended its full 
width elevation 1240. the next stage the fills were raised elevation 
1280 where the final width the main body approximately feet. the 
final stages the rock was raised from elevation 1280 the crest. 

The surface preparation prior placing succeeding lifts the main rock- 
fill body was done bulldozers and rooters, and some occasions back 
hoes. Thorough sluicing the surface was carried out after rooting. Con- 
siderable work was involved preparing the top lift for the placing 
succeeding lift, and this confirmed one the design considerations the 
choice the sloping-core type dam. 

contrast the method constructing the main body rockfill, the up- 
stream weighting zone was brought shallower lifts usually following the 
constructing the impervious blanket and transition materials. Very little 
surface preparation was done the weighting zone lifts. 

Sluicing the rock placed the main body was carried out from canti- 
levered platforms located each corner the dumping face. Under 
pressure 125 psi the jets from the monitors were trained back toward the 
dumping face and met the rock first came contact with the slope. This 
operation shown Fig. 13. The volume water used was generally 
equivalent four times the volume rock placed. 

Special precautions were exercised dumping rock the north bank 
the Bersimis dam. Since the overburden was covered with transition materi- 
als, was necessary avoid the displacement this material falling 
rock, The rock was dumped against the abutment rather than down the bank 
this location. 

attempt was made place well graded fill throughout classifying 
the rock size the trucks they left the quarry. With the high lifts used 
the lower parts the dams however, was difficult prevent segregation 
the rock and the practice met with limited success. the basis experi- 
ence gained with the high lifts, believed that there some advantage 
specifying the placing finer rock upstream zone order limit 
the size voids adjacent the transition layers. 


Transition 


Transition materials were used both upstream and downstream the core 
and also under the rockfill the north bank the Bersimis dam. These ma- 
terials were spread and compacted bulldozer. prevent bulking the 
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fine transition material, excess water was added during the compacting oper- 
ation. 

Due traffic problems across the impervious fill, alternative method 
placing the coarsest transition was adopted for the zone the downstream 
side the impervious core. The alternative method consisted dumping the 
materials through 26-inch diameter pipes located the upstream slope 
the main rockfill. The momentum these materials the pipes was checked 
heavy chains which hung the outlet the pipes above the placing level. 
This alternative was found reasonably satisfactory. picture the 
arrangement pipe the rockfill slope shown Fig. 14. 

stated previously, segregation high lifts the rockfill caused concen- 
tration large rock the bottom the slopes. This necessitated special 


placing the coarsest transition material hand filling some thelarger 
voids. 


Impervious Core 


general, the impervious core material was transported truck from 
the borrow pit, dumped the fill, and spread bulldozers. During the peri- 
greatest congestion 1955, however, trucks were driven ramp 
the Bersimis dam and emptied into scrapers. These were then driven 
the fill and the material was dumped and spread the same operation. 
this way trucks hauling the earth fill did not interfere with the placing and 
compaction impervious fill. 

The impervious fill was spread layers inches thick. Boulders exceed- 
ing inches diameter were removed from the fill hand after the spread- 
ing operation, and these were dumped the coarse transition zone the 
upstream weighting zone. large number boulders were removed from 
the fill this way. 

Addition small amount moisture was frequently required the im- 
pervious fills, and was added spraying with hoses during the spreading 
operation. The water content was maintained below the standard Proctor opti- 
mum during the 1954 construction season when the lower part the dam was 
constructed. During the final construction season however, the fill rose 
higher elevation, the water content was kept above the optimum. 

Since construction the impervious zone fell behind schedule 1954, 
placing was continued late possible the autumn season. early 
mid-October freezing weather interfered with operations during the night 
shift and salt was utilized several occasions make possible continue 
the placing operation. Calcium chloride was dissolved the water which was 
sprayed the fill bring the water content the specified value, and this 
usually made possible continue the placing operation with de- 
grees frost. 

Compaction the impervious fill was carried out means pneumatic- 
tired vehicles, which usually were loaded tandem-wheeled, 10-ton hauling 
units. Compaction very near standard Proctor density was maintained 
throughout. 

Due the grading the impervious core material, was not practicable 
attempt carry out density tests accordance with some the es- 
tablished procedures. Instead method was adopted which involved the exca- 
vation and transportation the field laboratory chunk compacted fill. 


specimen was broken from this mass, weighed, and then immersed oil 
determine its volume. 
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Fig. shows over-all picture the Bersimis dam under 


Summary Quantities and Rates Construction 


Table contains summary the quantities materials used con- 
struction the dams. 


TABLE 4,—SUMMARY QUANTITIES CUBIC YARDS 


Bersimis 
Dam 


Desroches 


Material 


Total 


2,575,000 1,081,000 3,656,000 
713,000 222,000 935,000 
Impervious ..... 383,000 124,000 


3,671,000 1,427,000 


5,098,000 


The weekly rates placing materials were follows: 


Rockfill 80,000 

Transition 30,000 

Performance 


Reservoir Elevations 


Filling the Lac Cassé reservoir began 1955 and the end con- 
struction its elevation was 1170 feet. Continued storage 
water steadily raised the elevation its normal maximum level 1305 feet 
November, 1957. The level was then gradually drawn down elevation 


1288 feet late April, 1958, and since the commencement the spring flood 
has now risen again 1305 feet. 


Settlement Records 


Settlement monuments were established the crests both dams early 
1956 for the measurement vertical and horizontal movements. Between 
May, 1956 and February, 1958 maximum settlements 1.9 inches and 1.8 
inches respectively have been recorded the Bersimis and Desroches dams. 
both dams the settlements have varied directly with the height fill. Hori- 


zontal movements during this period have been negligible within the limits 
instrumental error. 


Seepage 


During and subsequent the filling the reservoir close observation 
has been maintained the seepage emerging the downstream toes and 
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abutments. very small amount seepage has occurred through the south 
rock abutment the Bersimis dam but the quantity not considered 
injurious and attempt has been made stop it. The seepage through the 
Bersimis north bank has not materialized discernible degree, and the 
basis the experience gained thus far believed that seepage problem 
will develop there. The existence seepage through the dam proper diffi- 
cult establish, but indication abnormal water percolation through 
either dam has yet appeared. 
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DISCUSSION 


literature rockfill dams. The authors have treated the geological aspects 
the sites fully, warranted the deep overburden the north abut- 
ment the Bersimis dam. 

This deep overburden constitutes, perhaps, the most outstanding feature 
the Bersimis dam. The relative grain size the material contained 
the varved clay and silt strata contrasted with the glacial till note- 
worthy. would interesting know the field investigations turned 
any evidence instability the material from the strata varved clay and 
silt, view the behaviour much material somewhat similar nature 
found throughout the Canadian Shield, which can best described being 
rock flour. Legget12 has drawn attention the properties these ma- 
terials and indicated their highly impervious nature consolidated, con- 
firmed also the authors’ finding for the co-efficient permeability 
10-6 cm/sec. Legget has also noted their extreme instability the pres- 
ence water excess the liquid limit. this connection worth not- 
ing the authors’ reference the “overconsolidated” nature the overburden 
the abutment. 

The authors’ experience with the seismic method employed for the geo- 
physical survey the north bank the Bersimis, with its maximum error 
ft. 220 ft. depth noted; the geophysical survey indicating 
the rock surface higher than that found drilling. Similar results 
have been found with other methods geophysical surveys and not peculi- 
Canadian conditions, analogous results having been secured tropical 
countries. The geophysical methods are useful but must proven actual 
diamond drilling. 


11. Chf. Engr., Power Dept., Aluminium Laboratories Ltd., Montreal, Can- 

12. “Soil Engineering Steep Rock Iron Mines, Ontario, Canada,” Robert 
Ferguson Legget, Proceedings, Institution Civ. Engrgs., Paper No. 
6304, Vol. II, October, 1958, pp. 169-188. 
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The authors refer the special precautions exercised dumping rockfill 
the north abutment the Bersimis dam, relating the need for this the 
transition materials covering the overburden and the necessity for avoiding 
displacement this material falling rock. The authors would add the 
value the paper they indicated how the sluicing water was handled. 

The usage calcium chloride for the construction the impervious zone 
late possible during the autumn season interesting confirmation 
procedure which has been adopted elsewhere. Can the authors state 
they have found anything detrimental such practice? 


wish thank Mr. Lawton for his discussion and reply, offer the follow- 
ing comments: 

The layer varved clay and silt which was found between two thick layers 
glacial till the north bank deposits appreciably coarser grain size 
than the varved clays found Steep Rock Lake and described Leg- 
get.12 Whereas the percentages clay size particles the Steep Rock 
deposit range from about 85, the similar values for the Bersimis deposit 
range from per cent. Moreover, the entire north bank deposit till 
and varved clay existed overconsolidated state with low sensitivity, 
contrast the normally consolidated state and the highly sensitive 
structure the Steep Rock clays. Because this absence high sensitivity, 
none the unstable conditions which were found Steep Rock Lake, were ob- 
served would expected occur upon remoulding the Bersimis varved 
clay. 

the construction the main rockfill the north bank care was exer- 
cised ensure that the transition layers separating the rockfill from the 
foundation deposits were not damaged. The rockfill immediately overlying 
these transitions was built with the front the stage progressing towards the 
north bank. Where this face met the steep portion the abutment bordering 
the river was necessary support the transition layers the steep slope 
with berm rockfill placed and compacted thin lifts and sluiced only 
part. This berm provided stability for the transition layers and provided ac- 
cess for their construction. Aside from this small portion the entire rockfill 
was sluiced the standard manner. The sluicing water percolated down 
through the rockfill and the north bank flowed directly into the river 
was collected ditch along the downstream toe which was lined with lay- 
ers transition material. Although the water flowed over and through the 
transition layers the sluicing jets were not played directly them. This 
operation did not result any known detrimental effects. 


13. Sr. Engr., Hydr. Div., Acres &Co. Ltd., Niagara Falls, Canada. 
14. Geotechnical Engr., Technical Div., Acres Co. Ltd., Niagara Falls, 
Canada. 
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The use calcium chloride the construction the impervious core did 
not, the best the authors’ knowledge, adversely affect the quality the 
core any way. The densities obtained during compaction were high when 
calcium chloride was used they were without it. view the fact that the 
till used for the Bersimis core contained more than about per cent 
clay size particles reasonable conclude that the calcium chloride 
would not change the structure the compacted soil. However, the case 
impervious materials containing much higher quantities clay size particles, 
and particularly cases where these particles may highly active clay 
minerals, the use calcium chloride followed leaching process during 
steady seepage state might result the creation sensitive soil structure 
within the core. Although possible that even such cases the use 
calcium chloride may not prove detrimental, the authors would not like 
recommend this practice these cases without studying the possible effects 
laboratory testing. 
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SYNOPSIS 


This paper describes the design and construction the rockfill dam por- 
tion Brownlee Hydroelectric Project. unusual interest are: diversion 
flood waters over the partially completed embankment; inclusion large 
quantities compacted small rock material the dam; and construction 
the embankment 110 feet river-deposited materials. 


INTRODUCTION 


Three hydroelectric projects are currently scheduled Idaho Power 
Company ultimately develop 1,185,000 kilowatts power utilizing 
drop the Hells Canyon reach the Snake River along the Oregon- 
Idaho border. These projects, downstream order, are Brownlee, Oxbow, 
and Hells Canyon. (Fig. Brownlee and Oxbow projects, presently under 
construction, have completion dates 1958 and 1960, respectively. 

Brownlee Hydroelectric Project situated the upstream end the 
6,000-foot deep Snake River gorge, very appropriately named “Hells Canyon.” 
The rugged terrain presented challenging design and construction problems, 
solutions which resulted several innovations the field rockfill dams. 
Project features other than the dam are discussed only because some direct 
relationship with the dam. 

essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1734, Positions and titles given are those ef- 


fect when the paper discussion was approved for publication 
Vice Pres. and Chf. Engr., International Engrg. Co., Inc., San Francisco, Calif. 
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Basin Description 


The 72,000-square mile drainage basin upstream from the damsite 
divided into three distinct areas. The upper area rises maximum eleva- 
tion 13,700 feet the peak Grand Teton. Precipitation falling this 
area builds annual snow pack which supplies major portion the sum- 
mer flow the Snake River. 

The middle area contains many acres irrigated farms well forests 
and brushland. This area, with its vast underground storage reservoirs, col- 
lects much the annual rainfall for release through thousands small 
springs. 

The lower area, immediately upstream from the dam, composed pre- 
dominantly barren, precipitous hills. Runoff from these hills, caused 
the seasonal and often intense rainfall, produces many flash floods. 

Water flowing past the damsite not only regulated the natural under- 
ground reservoirs, but also numerous upstream reservoirs which have 
been constructed the main stem and tributaries. result, the minimum 
flow the Snake River the Brownlee site ideally suited for the genera- 
tion power. The minimum monthly average discharge recorded the Ox- 
bow gage was 7,000 cfs, while the mean discharge for the past years was 
17,000 cfs. 


Site Description 


The Brownlee damsite, about miles from Weiser, Idaho, located 
the Snake River approximately miles upstream from the confluence the 
Snake and Salmon rivers. the dam base line, the canyon about 600 
700 feet wide river level and slopes both abutments about 
but the rock nose forming the left abutment just downstream from the 
line has slopes steep 1/4 Rock outcrops and geological formations 
the site indicate that bedrock lies considerable distance beneath the val- 
ley floor. 

Geologically, the project area covered with thick beddings miocene 
basaltic lava flows the tertiary age. These beddings, shown Fig. 
occur massive layers which vary thickness from feet more than 
150 feet. The fine-grained basalt rock dark grey when fresh, and becomes 
dark brown when exposed air for any length time, contains crystals 
feldspar sizes from 1/4 inch inch various beddings. nature 
its structure, the rock hard, tough, and impermeable. Between the beds 
lava flows, there are thin layers tuff, varying thickness from few 
inches few feet. 
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the damsite, the river cuts through five distinct beds which dip generally 
about 13° toward the west and form the easterly limb large syncline. The 
lowest the beds the most massive and extends across the river, under- 
lying major portion the dam foundation. 
The basalt rock layers contain natural joints which were formed during 
cooling the lava flows and movements the crust the earth. All 
beddings are closely jointed. The characteristic jointing and columnar forma- 
tion was clearly evident the left bank. 
There were few faults small displacement the area. These were 
considered inactive and therefore not serious problem. 
the few dikes the damsite, the most noticeable was Dike No. which 


cuts diagonally across the dam foundation and through the rock nose the 
left abutment. 


Project Description 


Major features the project are rockfill dam, spillway, outlet works, 
and power facilities. (Fig. 

The dam has crest length 1,400 feet and maximum height, 
measured from bedrock the top, 400 feet. section, the dam has 
sloping impervious core flanked sand and gravel filter zones and outer 
zones rock. (Fig. 

The spillway, which located the rock nose the left abutment, con- 
sists approach channel, concrete control section, and lined chute. 
Spillway discharges are regulated the control section four radial crest 
gates. 

The outlet works consist three gate-controlled openings through the con- 
trol section the spillway. Releases from the outlet works discharge into 
the spillway chute. 

The power facilities include intake channel, power intake structure, 
individual steel penstocks tunnels through the right abutment, and out- 
door type powerhouse. initial installation four units will increased 
six the future, with ultimate capacity 540,000 kilowatts. 


Foundation Explorations 


The program foundation explorations, conducted during preliminary and 
final stages design, served determine final design decisions. total 
core-drill holes, the first eleven provided the data used the 
type dam. Nine the eleven were drilled the river channel and two 
the right abutment. There was high percentage recovery all cores 
except those taken from tuff layers between the beddings and breccia zones. 
Water tests the holes indicated that only normal foundation grouting would 
required. 

The overburden was considerable depth the river channel with 
maximum 110 feet. was generally well consolidated, and consisted 
sand, gravel, cobbles, and small boulders. deposit sand and silt was 
found the downstream end gravel bar near the left abutment. 

Samples from some the original holes indicated the presence fine 
sand. rockfill dam were constructed this site, seepage through the 
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dam and foundation could cause piping the sand liquefaction the fine 
sand upon being saturated and subjected load. Therefore, additional holes 
were drilled near those preliminary holes which had indicated the existence 
fine sand. The additional holes revealed that the fine sand layers were 
limited extent and thickness, and therefore not dangerous. 

Rock samples obtained from the different bedding zones were carefully 
studied determine the probable size rock expected from normal 
excavation practices. Special attention was directed the dip the beddings 
arranging the unusual deep excavation the power intake, powerhouse, and 
the spillway. 

Artesian water was encountered all holes except the two near the left 
abutment downstream Dike No. two holes the right abutment, water 
stood and feet above the river water surface. The higher water level 
was farther from the river, indicating that artesian water was percolating 
down the dip from the east limb the syncline. 


Selection Type Dam 


The preliminary investigations and foundation explorations revealed that 
the rock formation was structurally sound and would present major prob- 
lems. 

concrete dam would more expensive than fill-type dam. The hun- 
dred feet concrete dam below the present river bed the deepest point 
would nearly double the cost such structure. 

There large deposit soil suitable for earthfill dam near the 
damsite. There are, however, shallow patches clay found small 
deposits the vicinity. The quantity this material would sufficient for 
the small amount material required for the thin impervious diaphragm 
rockfill dam. Rock excavated the site would suitable for the dam. 

addition, project cost could reduced, excavating all the rock required 
the embankment from other features the project. Increasing the length 
the channel the power intake structure reduces the penstock lengths, 
thus simplifying regulation the units without increasing the dam embank- 
ment cost. Based the above considerations and further detail studies 


the elements cost, the rockfill dam was selected the most economical 
type build this site. 


Investigation Construction Materials 


Following selection the type dam constructed, soils laboratory 
was established the site and construction materials investigation program 
was initiated. Before the field soils laboratory was completely equipped 
perform all tests, the soils laboratory Washington State College was re- 
tained make independent tests and check the field laboratory work. 

All the basic material components the dam, such the impervious 


core, filters and rock were thoroughly investigated before start construc- 
tion. 


Impervious Materials 


Extensive explorations the vicinity the damsite eliminated all but two 
potential sources satisfactory impervious materials. Development one 
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these sources would require construction 2-1/2-mile road six 
percent downgrade the dam, while the other source would require process- 
ing the material for removal interspersed rock and gravel. Compara- 
tive cost studies indicated that development the source requiring construc- 
tion the haul road would the more economical. 

Test results typical samples from the selected site revealed the char- 
acteristics shown Table 


TABLE CORE MATERIAL TEST RESULTS 


Place Fill 
Material Test 


Specific Gravity 
Max, Dry Density* 
ft) 

Optimum Moisture (%) 19.6 
Liquid Limit 30.6 
Plasticity Index 8.5 

Rel, Density 

Cohesion ft) 
Mech, Analysis** 


passing #200 sieve) 


Modified AASHO 
Mechanical analysis curves are shown Fig, 


indicated the test results, the impervious material has low friction 
angle, but very high cohesive strength. addition, the material has the 
property being exceedingly plastic, characteristic considered very 
desirable for thin core material. 

The natural moisture content the material varies from 25%, 
slightly greater than optimum. 


Filter Material 


Satisfactory sources for fine filter materials their natural state were not 
found the Brownlee area. The best material available was large sand 
and gravel deposit located about three miles upstream from the site, 
bench approximately 100 feet above the river. Under layer top soil 
several feet thick, the material varied composition from fine sand large 
gravel. may seen from the mechanical analysis shown Fig. the 
material lacked sufficient amounts fine and medium sands meet the re- 
quirements for fine filter. Therefore, processing plant was erected 
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screen out coarse material larger than 1-1/2 inches, and blend the remain- 
ing material with fine river sand. This resulted satisfactory grain-size 
distribution. Mechanical analysis the resultant material shown Fig. 

“Wash Test” was used the field laboratory determine the ability 
the fine filter material retain the impervious material. the start, water 
rushed through wedge-shaped slot the impervious material and into the 
fine filter compacted the bottom the test cylinder. Movement the im- 
pervious materials gradually formed seal which was 90% effective twenty- 
four hours. carefully removing the filter material layers after the test, 
the amount and the depth which the impervious material migrated into the 
filter was determined. 

The naturally-deposited, fine filter material from the borrow area was 
mixed with the large-size gravel screened from the processed fine filter, 
form the coarse filter material required. 

Small-sized rock, ranging from inches, was used third filter 
zone. This rock was obtained selective loading from normal excavation. 


Rockfill Material 


Rock obtained from excavations made for the main structures constituted 
the major portion the fill. Geological investigation had revealed that, with 
the exception the weathered surface rock, all the rock from the excavations 
would suitable for dam construction. The excavated rock sizes vary with 
the method excavation, amount explosive used, and the geological struc- 
ture the bedrock. For design requirements, rock for sluiced rockfill 
should large possible, whereas for satisfactory construction, the 
rock should sizes that can economically handled available equip- 
ment. Trial excavations were made determine the probable size rock 
obtainable from the different areas excavation. 

The specific gravity the solid basalt rock was found relatively 
high, due the iron from 2.8 2.9. The natural angle 
repose the material, determined from measurements the rockfill slopes 
both abutments the early stages construction, varied from 1.35 
1.40 horizontal 1.00 vertical. 


Final Design 


Final design the dam was governed the criteria listed below: 


Arrangement the basic project layout for the most effective use 
topographic and geologic conditions. 


Sufficient design flexibility permit modifications required changes 
foundation conditions material properties which might occur 
construction progressed. 


Fullest possible utilization readily available construction materials. 


Complete analyses the main embankment for stability and expected 


Project Arrangement 


Arrangement the project features was governed primarily the topo- 
graphic prominence the rock nose which forms the left abutment, and 
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the soundness the rock the right abutment. The rock nose provided 
ideal location for spillway, while the massive rock forming the right abut- 
ment was well suited for boring the power and diversion tunnels. 

Normally, the economic limit excavation project features much 
less other projects than the Brownlee site. this instance, excavated 
rock was usable the fill; therefore, excavation was limited only the 
amount required for the fill. This allowed considerable freedom selecting 
locations and alignments for the project features. outstanding example was 
the location the power intake structure and the powerhouse. The selected 
location resulted cut over 450 feet deep the intake side, and 420 feet 
deep the powerhouse side the ridge formed the excavation. the rock 
had not been required the dam, cuts this depth would not have been eco- 
nomically feasible. The only additional cost resulting from such arrangement 
was the provision drains and grouting stabilize the slopes the ridge. 
reduction length the power tunnels effected considerable economy 
reducing penstock and tunnel costs and eliminating the necessity for costly 
surge tanks. 

Actual location the dam was also influenced the presence Dike No. 
which was considered suitable for treatment cutoff under the impervi- 
ous core. The impervious core trench was located follow this dike for 
great distance possible. 

Utilizing the rock nose the left abutment required particular care 
aligning the core for satisfactory abutment contact. satisfy basic design 
requirements, the abutment slopes had free from sharp breaks over- 
hangs. The contact area the sloping core was arranged normal the 
core zone horizontal plane and have flat slope economically 
feasible. addition, was not allowed wrap around the nose. Careful 
studies and model the site were made determine the abutment trimming 
which would satisfy these requirements with minimum amount excavation. 


Flexibility 


Providing flexibility design was necessary meet conditions arising 
during construction. The results foundation explorations and material in- 
vestigations indicated that either inclined core vertical core would 
suitable. The inclined core was selected because this type arrangement 
provided flexibility scheduling the dam construction. The major portion 
the dam, the downstream rockfill, could placed soon the rock from 
required excavation became available without stockpiling delaying the con- 
struction other features. Using inclined core would also permit the 
placement main rockfill ahead the time-consuming construction the 
core and filter zones which had scheduled according the diversion 
program. 

The embankment design should also allow the different sizes rock 
placed the appropriate portions the embankment, with larger rock dumped 
near the outside faces and smaller rock near the core area. necessary, the 
small rock could placed with compaction the central portion the dam. 

The extent the filter zones below the riverbed was decided upon after 
completion the core trench excavation, thus achieving the maximum 
economy filter material. 
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Utilizing Available Material 


Almost any excavated rock from the thick basalt beds the site would 
have resulted satisfactory material for the rockfill portion the embank- 
ment. The selection zone thicknesses, slopes, and method placement 
was based the estimated gradation and yield from the various excavations. 
The three portions the embankment designed utilize the rock material 
were: downstream toe, downstream rockfill and upstream rockfill. 

Although hydraulic model tests indicated that apparent downstream ero- 
sion would occur, the fact that about 100 feet natural river-deposited 
material underlies the rockfill embankment was considered sufficient 
cause, provide special toe protection. accomplish this, toe trench, 
excavated bedrock and backfilled with selected large rock, was designed. 
The rock zone the toe was have minimum section 172 feet thick, with 
20-foot filter blanket against the riverbed overburden. 

The downstream rockfill was designed for two types construction: one 
compacted rockfill, and the other dumped rockfill. The compacted rockfill 
design utilizes the smaller rocks obtained from excavation. The dumped 
rockfill utilizing the larger rocks, was designed with average downstream 
slope 1.4 horizontal vertical, the flattest slope obtained during field 
test investigations. 

The upstream rockfill has average upstream slope above 
Elevation 1990 feet, and below. wide berm below Elevation 1870 was 
constructed front the dam with material excavated from the core trench 
and with waste material from other excavations. This berm has dual pur- 
pose: serve cofferdam, and stabilize the foundation upon which the 
upstream rockfill resting. avoid re-dressing costs, the upstream 
rockfill was built natural slopes with intermediate berms every feet. 

general, filter zone thicknesses, due the high cost processing the 
materials, were designed thin possible while still functioning 
properly. The minimum practical thicknesses, however, were often limited 
construction placement methods. 

Filter zones, classified small rock filter, coarse filter, and fine filter 
were placed both downstream and upstream sides the core. The 
materials vary size from inches 200 mesh, with smooth transition 
gradation from rockfill the impervious core. The downstream small rock 
rock filter zone extends from overburden top the dam, and was designed 
have minimum thickness feet. The coarse filter zone the down- 
stream side, designed feet thick, was terminated the junction with 
the overburden since the natural river material from that elevation down 
bedrock was considered equivalent substitute. The downstream fine 
filter zone extends from bedrock top the dam and has five-foot thick- 
ness, except the abutments where the thickness was increased feet. 

The upstream small rock filter zone was designed nine feet thick and 
cover the upstream coarse filter down the elevation the natural over- 
burden material. The corase filter zone has minimum thickness feet 
the upstream side and extends down bedrock, although the portion below 
the fine filter considered only buffer zone for the core material. 
The fine filter zone was designed five feet thick across the entire 
width, extending down Elevation 1870 feet. 

The impervious core, which extends from bedrock the top the dam, 
was designed with downstream slope 1.37 and upstream slope 
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1.5 above Elevation 1800 feet, and 1.8 below. The width the con- 
tact surface between the impervious core and bedrock Elevation 1690 feet 
about 100 feet, which considered conservatively sufficient safely 
withstand the 387 feet head. The width the core Elevation 2076.9 feet, 
the control elevation the core, 20.8 feet, and the thickness normal the 
average slope the same elevation approximately feet. The maximum 
amount seepage through the core expected less than one cubic foot 
per second. 


Stability Analysis and Settlement 


Stability analyses the main dam embankment were made for both the 
upstream and downstream slopes. Potential failure plane the upstream 
side the embankment was considered along the impervious core, 
which the normal assumption for inclined core rockfill dam. Using the 
slideblock method, the analysis showed minimum factor safety 1.38 
for the most critical condition, which would occur during initial filling, when 
the reservoir water surface reaches Elevation 1930 feet. 

There normally little doubt about the stability the downstream slope 
rockfill dam ordinary height built sound rock foundation. 
Brownlee, however, due the overburden, the stability the downstream 
slope was analyzed along Elevation 1750 feet, the contact surface between the 
overburden material and the rockfill. With internal friction angle 
degrees, the minimum factor safety was found 1.53 for the critical 
condition, which was with the tailwater Elevation 1827 feet. 

The dam slightly curved upstream direction 4505-foot radius. 
The maximum offset from the base line feet. Settlement will occur both 
downward and downstream direction. Due the curve and the valley 
cross section, the impervious core upon settling will squeezed, thus 
eliminating the possibility cracks due stretching. 

Based upon past experience, well-constructed rockfill dam could ex- 
pected have vertical settlement less than one percent its height. 
However, for appearance well for settlement, maximum camber 
seven feet was provided. 

There relatively little information engineering literature about the 
settlement rockfill dams, particularly those built deep overburden. 
Previous settlement measurements have indicated that the process 
settling, some the large rocks the rockfill section have tendency 
rotate and thus cast doubt the validity the measurements. Monuments 
have been set the Brownlee embankment measure this rotation well 
the normal settlement rockfill and core. 


Construction 


Careful consideration equipment, time, and personnel, and thorough 
economic analysis the work processes involved, resulted establishment 
the following construction schedule: 


November, 1955 September, 1956 
Mobilize 
Build Access Road and Bridges 
Excavate Powerhouse and Diversion Tunnel Headings 
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Drive Diversion Tunnel 
Commence Rockfill 


October, 1956 February, 1957 


Close Cofferdams and Divert River 

Excavate Foundation Core Trench and Toe Trench 

Grout Foundation 

Construct Core and Filter Zones Elevation 1800+ Feet 

Construct Downstream Rockfill Elevation 1810+ Feet the 
River Channel Portion 

Start Abutment Rockfill Placement 


March, 1957 June, 1957 


Divert Over the Partially Completed Dam 
Continue Placing Rockfill from Both Abutments Excavated 
Material Becomes Available 


July, 1957 February, 1958 


Perform Necessary Clean-Up the Embankment 
Raise the Core and Fill Where the Flood Will Pass Through 
Diversion Tunnel and Outlets 


March, 1958 June, 1958 
Complete Embankment. 


Wet Season 1956 


After mobilizing the necessary equipment, work progressed concurrently 
several phases construction. bridge across the Snake River and ac- 
cess roads interconnecting the project features were rapidly completed. One 
the roads connected the two portals the diversion tunnel allow use 
one truck-mounted jumbo for drilling both tunnel headings. 

The 2500 feet 42-foot modified horseshoe section diversion tunnel 
was holed through three months. Rock proved very good and only 300 
feet the tunnel required supports. 

Rock from excavation for the powerhouse and muck from tunnel drilling 
was used construct section the upstream berm the embankment part 
way across the river. This preliminary embankment forced the river flow 
the Oregon side, where the water scoured out objectionable materials 
the embankment foundation area. 


Dry Season 1956 


When closure the upstream cofferdam was completed and water diverted 
through the tunnel, the foundation area was unwatered and excavation the 
core and toe trenches commenced 24-hour day schedule. Unwatering 
was accomplished two 20,000 gpm pumps, each installed pipe frame 
which could picked dragline and relocated the excavation pro- 
ceeded. Nearly 400,000 cubic yards core trench excavation the river 
channel were completed less than three months. Equipment used accom- 
plish this excavation feat included two shovels and 3-1/2-cubic yard 
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capacity, one 2-1/2-cubic yard dragline, one 5-1/2-yard Manitowoc dragline, 
and Euclids 17-cubic yard capacity. 

Foundation drilling and grouting was also accomplished the same three- 
month period. The operations followed immediately after excavation the 
core trench and proceeded from both abutments toward mid-river. Two sys- 
tems foundation grouting were used. blanket grouting over the 
entire core trench area, and the other was cutoff grout curtain. 

The area grouting consisted drilling holes 10-foot centers minimum 
feet deep. These holes were grouted under pressure about psi 
minimum. The grout “take” was very small holes the core trench area 
the right portion the river channel. Except near Dike No. where 
few holes took cubic feet and one hole took 272 cubic feet, the amount 
“take” was approximately that required fill the drill holes. the left 
portion the river channel, the presence seams and cracks the founda- 
tion rock resulted greater “take,” varying from few cubic feet maxi- 
mum 254 cubic feet one hole with some loss surface leaks. 

Cutoff grout curtain holes were drilled depth feet 20-foot 
centers with intermediate holes drilled 150 feet. These holes were grouted 
under pressures maximum 300 psi. When the “take” was high, ad- 
ditional holes were drilled 10-foot centers between the original holes. 
the area grouting, the right portion the foundation took less grout 
than the left. The maximum “take” was 324.5 cubic feet one 75-foot hole. 
total 58,961 linear feet grout holes were drilled and grouted the 
core trench with average “take” about 0.62 sacks cement per linear 
foot hole. 

Core excavation revealed fault near the center the river channel. 
the upstream end, the fault was feet wide and filled with sand, gravel, 
and large boulders. The fault opening tapered the thickness seam both 
depth and downstream direction. Based the grouting record, was 
found that the fault was very tight. 

While the foundation treatment was progress, the borrow areas for im- 
pervious and filter materials were being prepared. One D-8 bulldozer was 
used strip from two five feet soil overburden which was unsuitable 
for use the core. Impervious clay core material was excavated from the 
borrow area 2-1/2-cubic yard shovel and loaded bottom-dump 
Euclids. One shovel was able efficiently supply loads Euclids 17- 
cubic yard capacity. Round trip from borrow area core area and back re- 
quired about minutes per truck. Shovel production varied from 100 
150 cubic yards per actual working hour, but the average production per 
shift-hour, including moving, repair and idle time, ranged from per- 
cent efficiency. 

For the fine filter material, the main equipment used was the blending 
plant consisting belt conveyor fed bulldozers with fine river 
sand and pit-run filter material 70% proportion. screen 
separated the blended filter from the coarse material and the products were 
conveyed belts stock piles. 

Immediately after foundation grouting the core area was completed, 
placement the clay core commenced. Artesian water entering the trench 
was encountered lesser quantities than previously predicted since some 
was intercepted the diversion tunnel, and some was deterred specially 
drilled and grouted holes near the left abutment. However, since was im- 
possible stop all the seepage enable placement the clay core dry 


2 
| 
| | 
| 
| 
| 


538 BROWNLEE DAM 


rock the deepest portion the core trench, which was the river fault area 
previously mentioned, pile clean gravels was used fill the low spot 
with two 24-inch pipes, feet long, embedded vertically. The gravel 
was capped with concrete slab, and clay core material placed top while 
seepage water was pumped through the 24-inch pipes. When the core reached 
sufficient height, the gravel was grouted with cement through one the 
pipes, forcing the water out through the other. 

The impervious core was placed under rigid control, especially near the 
bedrock strata where will subjected the highest water pressures. The 
“in-place” core material had moisture content slightly higher than optimum. 
Tests material indicated permeability less than feet per year, and 
plasticity index higher than 10. 

Initial compaction the core against the rock foundation was effected 
pneumatic hand tampers. When the working area became large enough, 
sheepsfoot rollers with specially designed wedge-shaped feet were used 
compact the impervious material about 6-inch layers. Usually, 
passes were required obtain the specified 90% modified AASHO optimum 
density. 

The severe cold weather during the period might have caused progress 
fall behind the tight construction schedule except for the fact that heat loss 
the core material was small during hauling and placing operations. After 
hauling, spreading, and rolling the material, ice did not form the com- 
pleted layer, provided that the succeeding layer was immediately spread. 

typical temperature record degrees Fahrenheit one the coldest 
days was reported follows: 


Air temperature 
Clay temperature hauled the embankment 
Temperature surface the compacted fill 


Temperature one-inch depth 
Temperature two inches depth 
Temperature three inches depth 


the operation was suspended too long, however, formation needle ice 
the clay could observed. Therefore, clay chunks suspicious nature 
were removed hand when they could not readily broken with hand 
shovel. 

More than 100,000 cubic yards impervious material were placed the 
core trench less than two months. Progress the core placement was 
stopped the spring floods with the top Elevation 1800 feet. The maxi- 
mum daily placement progress (three shifts) amounted more than 3,000 
cubic yards compacted impervious fill. (See 8). 

Coarse filter materials were end bottom-dumped, and fine filter 
materials were end-dumped against the coarse filters the impervious 
core. The filfers were compacted the same operation, which resulted 
smooth transition from fine coarse zones. Satisfactory compaction re- 
quired least four passes the Euclids loaded with cubic yards 
material. 

The toe trench was excavated bedrock, and then backfilled with large 
rocks which percent were one-half cubic yard larger size. 

Large selected rock, weighing one-half ton and over, will also used 
form protective layer the face the upstream rockfill section. 
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Wet Season 1957 


When the construction schedule was being formulated, one the major 
considerations was river diversion. the damsite, the low water season 
usually starts late June early July and lasts five eight months. Dur- 
ing this season, the flow varies from 8,000 20,000 cfs, and seldom exceeds 
24,000 cfs. The first floods start early December, with normal high 
flood flows usually occurring April June with peak discharges from 
50,000 70,000 cfs. 

Computations disclosed that one 38-foot unlined horseshoe tunnel could 
pass the low water season flows, but two tunnels would required carry 
the high water season flows. Careful studies indicated that with relatively 
small risk, diversion could accomplished constructing only one tunnel 
and allowing flood waters excess the capacity the tunnel flow over 
the partially completed fill. For the protection the core area, was 
planned cover the core and filter areas with two three feet pit-run 
coarse filter materials and top with seven eight feet rockfill. 

February 24, 1957, however, intense rainfall the barren hills im- 
mediately upstream from the site caused flood peak occur the site very 
suddenly. All available men camp were summoned help move equipment 
out danger case the river overtopped the upstream cofferdam. 

Before water reached the top the upstream cofferdam, which was 
Elevation 1835 feet, the road from the damsite Robinette was seriously en- 
dangered rising water. save this road, the cofferdam was opened and 
water allowed overflow the fill before the intended protection could pro- 
vided for the core. (Fig. 10) the time overtopping, the downstream 
vided for the core. (Photograph the time overtopping, the downstream 
rockfill was Elevation 1850+ feet near the abutments, and Elevation 1809+ 
feet for width about 250 feet the central portion. The impervious core 
and filter zones the core trench were approximately Elevation 1800+ feet. 

The flood reached peak 70,000 cfs and estimated 40,000 ,000 cfs 
flowed over the fill. There was approximately feet the water 
surface the 2,000-foot distance between cofferdams. 

Following this first peak, the normal flood season set and lasted about 
four months. During that time, the river flow ranged from 30,000 70,000 
cubic feet per second, with the later flow occurring second time May 23, 
1957. 


Dry Season 1957 


the middle June, the river flow had receded 20,000 cfs and the up- 
stream cofferdam was again closed. Clean-up and inspection the core zone, 
which began immediately after closure, revealed that the diversion scheme 
had been sound. 

There was apparent loss rock the main rockfill zones. The core 
area, which had been purposely kept lower than the rock area, was almost 
completely filled with mud and rocks the elevation the rockfill. Most 
the material deposited the core area apparently came from the upstream 
cofferdam. 

Removal this deposited material revealed that the original compacted 
impervious core had not been appreciably disturbed the river waters. 
ascertain any internal change had occurred, test pit five feet deep was 
excavated. Material removed from this pit showed change moisture 
content below the top few inches. Even the top few inches, the increase 
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was surprisingly slight. Only insignificant amount original core had 
removed before construction could resumed. Diversion over the par- 
tially completed rockfill dam was considered complete success. 

Although the major portion the rock the embankment was placed dur- 
ing the 1957 dry season, placement actually proceeded throughout the entire 
construction period. Care was taken meet the construction schedule and 
still maintain balance between rock excavation and fill. Thus construction 
proceeded with appreciable delays stockpiling rock. This record 
was maintained not only for the dry season 1957, but for the entire con- 
struction period. 

Along the right abutment, the first lift rock was dumped about Eleva- 
tion 1900 feet. Embankment proceeded simultaneously toward the down- 
stream toe and mid-river. the trucks their loads over the 
edge the embankment, monitor mounted the outer end skid which 
stuck out over the edge the embankment sluiced the rock down the slope 
using 2-3/4 inch nozzle and water pressure ranging from 100 pounds 
per square inch. The monitor supplied about four times much water 
volume the rock being sluiced. 

the Oregon side, rock placement began the gravel bar away from the 
left abutment. Placement reached elevation 1850 feet and then pro- 
gressed toward the abutment. this means, good contact was made be- 
tween the sluiced rock and the steep abutment slopes. When the spillway 
excavation reached top production, another lift was started from this abut- 
ment Elevation 1900 feet, and then final lift Elevation 2050 feet. Rock 
placement proceeded from both abutments, equal elevations, gradually 
closing the gap between the slopes the middle. 

The amount smaller-sized rock obtained from the spillway excavation 
was larger than had been expected. The excess 6-inch and smaller rocks 
were placed and compacted the center portion the dam. Analysis the 
compacted small rocks indicated that stability the fill was not impaired. 
addition, the amount settlement expected greater than the 
sluiced rock portion. The small rocks were similar the small-rock filter 
zone material and were placed and compacted the same manner; that is, 
18-inch layers compacted not less than three passes 50-ton pneumatic 
rollers. After each lift was compacted, the surface was sluiced. All the 
small rock was covered with not less than feet large sluiced rock the 
downstream face the dam. 

Placement the downstream rockfill progressed far ahead core and 
upstream rockfill placement. (See Fig. 

Excavated rock which was considered unsuitable for use the downstream 
rockfill because small size too high percentage fines, was placed 
portion upstream rockfill zone. This area which was designed for use 
this material did not require all the material and the remainder was placed 
the upstream berm. The large rock portion the upstream rockfill was 
sluiced place monitors. 


Rockfill Production 


During the peak rockfill operations, monitors and Euclids were use. 
Maximum production was about 30,000 yards two 9-hour shifts. 

Practically all rockfill material was obtained from excavation for other 
features. Prior June 1957, there was limited space for placement the 
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excavated rock the dam. Total volume placed that date was about 
2,300,000 cubic yards, which 800,000 cubic yards were from powerhouse 
and tailrace excavations, 700,000 from power intake, and 800,000 cubic yards 
from spillway. ter clean-up from river immersion was accomplished, 
construction both the core and rockfill proceeded top speed. 
The major embankment quantities placed, cubic yards, were follows: 

Upstream cofferdam 150,000 

Downstream cofferdam 150,000 

Upstream rockfill 1,582,000 

Downstream rockfill 3,976,000 

Filter zones 468,000 

Impervious core 

Upstream berm El. 1870 feet 706,000 


Total Fill 7,481,000 


Rock excavation was accomplished with drills the percussion type and 
bit sizes varying from 2-1/2 inches inches. Lifts varied from 
feet with holes from feet feet apart centers. The production aver- 
ages were follows: 


Drilling Powder Rate 
Powerhouse 0.72 L.F./cy 0.48 
Power Intake 0.70 L.F./cy 0.61 
Spillway 0.66 L.F./cy 
The amount rock excavation cubic yards obtained from required ex- 
cavation was follows: 
Powerhouse 477,000 
Tailrace 440,000 
Spillway 1,690,000 
Power Intake 1,400,000 
Core Trench 377,000 
Toe Trench 403,000 
Diversion Tunnel 156,000 
Diversion Inlet Channel 143,000 
Diversion Outlet Channel 183,000 


Total Excavation 5,269,000 
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CONCLUSIONS 


Brownlee Rockfill Dam will completed July 1958. Unit cost for 
rock placed the dam estimated about half the cost for similar con- 
struction years ago. Improvements earth-and-rock-hauling equip- 
ment recent years, combined with modern construction methods, have 
made rockfill-type dams much more competitive with other types. 


The large quantities rock required the embankment made the heavy 
excavation other features the project feasible and resulted substantial 
savings the individual feature costs. Careful site adaption, arrangement 
the project and scheduling operations were required achieve the overall 
project economy. 


Rockfill dams may safely supported consolidated riverbed 
materials sand, gravel, and boulders provided foundation explorations have 
been performed ascertain that there are extensive silt fine sand 
layers. Careful analysis rockfill embankments should made satisfy 
the stability requirement. 


When normal rock excavations provide considerable quantity small 
rocks, economics can effected without loss structural strength placing 
them the center the embankment with sufficient compaction. 


Passing flood water over partially completed rockfill dam entirely 


feasible. Before adopting such diversion scheme, detailed hydraulic analyses 


should prepared determine probable flow characteristics over the em- 
bankment. 


DISCUSSION 


what the final unit costs rock excavation and rock fill will evident, 
with almost all the required rock fill being furnished the required ex- 
cavation, that the combined cost the excavation and the rock place will 
unusually low. Also, the estimated kilowatt cost $175 for the initial 
installed capacity would pleasing the owners. 

The project planning was thorough and complete. Full advantage was 
taken all features site topography and geology, the availability rock 
and impervious core material, and knowledge anticipated weather condi- 
tions which would affect work schedules and diversion schemes, 


Engr., Knoxville, Tenn., Formerly, Engr., TVA, Knoxville, Tenn. 
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The plan for economical diversion during construction was especially 
noteworthy. There must considered risks taken all diversion plans for 
generally uneconomical design cofferdams and diversion channels 
handle maximum possible flows. Plans made Brownlee involving flow 
over the partially completed fill worked out nicely although some fast work 
the construction forces was necessary. The planners, designers, and 
constructers all did praiseworthy job completing this fine dam fast 
schedule. 


ASCE.—The author has established criteria applied 
the final design the Brownlee dam those considerations which enter into 
the economic design any rockfill dam. Two features are particular note 
this connection: the thin impervious core necessitated the absence 
large volumes suitable soil, and the deep overburden the river channel. 
Another aspect major importance securing optimum economy Brown- 
lee, common with many other rockfill dams, was the achievement close 
balance between rock excavation and rockfill requirements. 

Effective utilization geological features usually results superior 
economy. This would appear have been fully realized the use the rock 
nose the left abutment, the overburden the river bed and dyke No. 
for portion the core trench. 

The method used facilitate placement the clay core the deepest 
portion the core trench, despite seepage, was ingenious. method 
analogous the use concrete pad jagged, steeply-dipping bedded 
formation order use tractor-drawn compaction equipment the 
relatively-restricted area the lower part river channel, Kenney 
and also achieve better grout distribution. 

rather difficult fully appreciate how special drilled and grout- 
holes near the left abutment” deterred some the artesian water from 
entering the core trench view the geological profile along the centre line 
the core trench. Perhaps the author could amplify his observations this 
point. 

The overtopping the incomplete dam during the period from February 24, 
1957, some time about mid-June through gap about 250 feet wide ap- 
proximately Elevation 1809 provided extremely valuabie experience since 
estimated 40,000 50,000 cfs flowed over the fill. The author’s obser- 
vations the behaviour the rockfill and impervious core would have been 
much more valuable the effect the fine and coarse filter zones had been 
noted. Information the size the rockfill would also useful. 

Under conclusions, the author states the “unit cost for rock placed the 
dam estimated about half the cost for similar construction 
years ago”. This such important factor the choice type dam for 
given location, hoped the author can justify the conclusion 
giving supporting figures. 

connection with the construction the Brownlee dam the consolidated 
alluvials (sand, gravel and boulders), worth noting the left-hand bank 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
“The Kenney Dam,” Harry Jomini, The Engineering Journal, November, 
1954, Vol. 37, No. 11, 1386-1397. 
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section the Bersimis built maximum thickness about 300 
feet succession till and varved clay and silt strata, glacial origin. 
This material obviously much finer than that underlying the Brownlee dam. 
Both Brownlee and Bersimis dams are striking examples one the at- 
tractive economic features the rockfill dam, its application apparently 
difficult, not impossible, dam sites where the properties well-designed 
thin impervious cores, filters and blankets are fully utilized. 

The author’s conclusion the feasibility passing flood water over 
partially completed rockfill dam important one, such procedure can 
utilized minimize diversion costs, where probable flood flows 
handled during construction can reasonably closely evaluated and con- 
struction schedules permit overtopping. 


HUAI-YUN stability Brownlee rockfill dam was 
briefly discussed Mr. Mundal’s paper. The detail analysis which follows 
may interest design engineers. 


Upstream Slope 


rockfill dams, generally, the upstream rockfill has better shear strength 
than the filter zones and the filter zones better than the impervious core. Un- 
less the upstream rockfill material contains too high percentage fines 
clay, the weakest shear plane should the impervious core. Brownlee, 
the critical surface selected for stability study along ABCD shown 
Fig. 11, The vertical line divides the wedge into two parts—Block ABCE 
sliding down along the potential failure plane and Block ECD resisting the 
failure its shearing strength along the base CD. The position line 
chosen that minimum factor safety will obtained. The exact lo- 
cation immaterial, the forces acting are relatively small 
and, therefore, neglected. 

Taking block ABCE free body, besides the resisting force (equal 
tan have the forces and tangent and normal line CD, 
keep the weight equilibrium. and are solved the force polygon. 

Since the potential shearing strength, along the line equal 
tan CL, the factor safety against failure along over 
However, computing the factor safety for the entire surface ABCD, the 
value should reduced the factor safety before entering the force 
polygon. 

With internal friction angle degrees for the upstream rockfill, the 
factor safety for the upstream slope Brownlee was found 1.56 for 


“Rockfill Dams: The Bersimis Sloping Core Dams,” Patterson 
and MacDonald, Transactions, ASCE, Vol. 125, Part 1960. 

Project Engr., International Engr. Co., Inc., San Francisco, Calif. 


548 


HSU BROWNLEE DAM 


SOIL CHARACTERISTICS 
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the most critical condition initial filling the reservoir with water surface 
El. 1930. Using degrees for results factor safety 1.38 for 
the same conditions. 


Downstream Slope 


Brownlee rockfill dam underlain more than 100 feet riverbed sand 
and gravel. Although dense and compacted, the riverbed foundation material 
has smaller angle internal friction than the main rockfill for the dam. 
The stability the downstream slope was, therefore, analyzed along the 
contact surface, between the foundation and the dam, different elevations 
across the river. The example shown Fig. for El. 1700. 

any vertical plane above the plane investigation, there force 
the block ABC from the left. The forces acting the base 
are the vertical reaction and the horizontal shear resistance (equal 
(Py tan Therefore the factor safety against shear failure the 
contact surface is: 


which the angle internal friction the foundation material. 

The value and direction the force was determined Engesser’s 
graphical method for cohesionless material with the reservoir water load in- 
cluded. The minimum factor safety the contact surface El. 1700 was 
found for point distance 280 feet from the downstream toe the 
rockfill. The data and the result are follows: 


Critical tailwater elevation (max. T.W.) El. 1827 feet 
Angle internal friction for rockfill, degrees 
Angle internal friction for foundation 

material, degrees 
Moist weight rockfill 115 ft. 
Submerged weight rockfill ft. 
(scaled from Engesser’s Envelope) 855 kips 
515 kips 
690 kips 
2155 kips 

° 


Laboratory tests indicate that the values the angle internal friction used 
the stability studies are conservative. 

utilizing Engesser’s method determining the value possible 
determine the stresses any point the main rockfill. 


where and are the horizontal and vertical axes. Graphical differentiation 
can performed easily. 
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FIG, PROJECT, STABILITY ANALYSIS, DOWNSTREAM SLOPE 
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With vertical and horzontal stresses known, the major and minor 
principal stresses can determined readily Mohr’s circle, calcu- 
lated formulas. The stress distribution the Brownlee dam foundation 
El. 1700 shown Fig. for angle internal friction degrees for 
the rockfill material. 

For cohesionless material state plastic equilibrium, the following 
relation holds: 


Therefore, for the angle internal friction the foundation material 
Brownlee equal degrees, the ratio the principal stresses should not 
exceed 4.4 The actual maximum stress ratio the contact surface El. 
1700 was 4.0 shown Fig. 12. 


REIJO writer has read Mundal’s paper Brownlee Dam 
with much interest the type and scale this dam are very similar those 
the Miboro Rockfill Dam now under construction the Electric Power De- 
velopment Co., Ltd. Japan. Miboro Dam sloping core rockfill dam 
130 meter (426 feet) height (Fig. 13). Work began 1957 and scheduled 
completed 1960. briefly explaining the Miboro Dam construction, 
the writer wishes give data the readers which will become part the 
records high rockfill dam construction. 


Geology 


The bed rock the dam site consists quartz porphyry and granite 
porphyry. The bed rock the right abutment rather poor talus deposits 
are found along the lower slope the porphyritic rocks mentioned above and 
cracks have developed the bed rock itself. the left abutment, quartz 
porphyry relatively good quality found exposed several spots, but thick 
talus deposits cover the upstream and downstream sides the abutment. 
Thickness the deposit the river bed relatively thin and less than 

conspicuous fault found along the toe the right abutment the dam 
and parallel with the river. The dip this fault about 70° NE, and the 
width the portion coming contact with the impervious core zone about 
meters, meters which well-compacted clay layer and the re- 
mainder consisting crushed rock. 


Selection Type 


gravity type concrete dam was first planned, but due unfavorable 
geological conditions and especially owing the right abutment fault, was 
found that the volume foundation excavation and concrete would have 
increased. Foundation treatments would also become more involved. More- 
over, was found that rock good quality and materials suitable for im- 
pervious core zone could found areas not very far from the dam site. 
For these reasons, rockfill dam design was selected. sloping core type 


Chief Construction, Miboro Dam Project, Electric Power Development 
Company Japan, Miboro, Japan. 
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rockfill dam, shown Fig.14, was designed based investigation re- 
sults materials found near the dam site. 

Volume the dam 7,950,000 (10,400,000 cu. yd.) which broken 
down follows: main rockfill, 3,720,000 (4,880,000 cu. yd.); upstream 
rockfill, 1,760,000 (2,310,000 cu. yd.); impervious core, 1,630,000 
(2,140,000 cu. yd.); and filter zones, 840,000 (1,100,000 cu. yd.). 


Foundation Treatment 


Excavation totaling 1,500,000 (1,960,000 cu. yd.) was completed during 
August 1958. Bed rock for the foundation the core zone was completely ex- 
posed removing top soil, sand and gravel layers. All soft and weathered 
portions the bed rock were removed hand excavation. the upstream 
rockfill and main rockfill foundation areas was first planned remove silt, 
sand, gravel and disintegrated rock, which might contribute the settlement 
the dam. Actually, both abutments were excavated the bed rock, while 
portions the river bed where sand, gravel and rocks were more compact 
were left the dam foundation without exposing the bed rock. 

Grouting was accomplished from two concrete cutoffs, Fig. 14. There are 
three classes holes for curtain grouting: depth, “b”—20 
“c” The packer grouting method was chiefly applied 
the order “c”, “b”, and “a”. The maximum grout pressure was kg/cm 
(213 psi) and kg/cm2 (28 psi) near the surface. Brittle and weak 
spots encountered the bed rock and places where spring water was 
noticeable the right abutment, blanket grouting was done depths ranging 

vertical shaft was excavated near the crushed zone the right abutment 
fault. addition grouting from four adits cutting the fault and connected 
the shaft different elevations, planned backfill excavated portions 
with concrete where grouting alone considered insufficient. 


Rockfill 


Material for the rockfill obtained means coyote hole and large drill 
hole types blasting the Fukushimadani quarry which located about 
kilometer upstream from the dam site. Relatively large rocks are placed 
the downstream and smaller sizes the upstream portions the main rock- 
fill. addition the foregoing, muck good quality produced from under- 
ground power plant and tunnel excavation utilized for the upstream side 
the main rockfill. Material for the upstream rockfill mostly obtained from 
the Fukushimadani quarry and addition oversize boulders produced the 
filter materials plant from river gravel are also utilized. 

order prevent segregation sizes, the height lifts dumped rocks 
limited meters the upstream and meters the downstream 
portions the main rockfill. maximum lift height meters for the up- 
stream rockfill zone specified. All material placed the main rockfill 
sluiced and the amount water applied more than three times much 
the volume the rock sluiced. The water pressure the sluicing nozzles 


approximately kg/cm2 (72 psi). sluicing required for the upstream 
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Filter 


Pit run sand and gravel from river deposits screened special plant 
and all 200 minus material used for the filter zones. 


Impervious Core Materials 


Due heavy rainfall and high humidity Japan, clayey materials having 
suitable permeability coefficient core material have general natural 
moisture content higher than the desired optimum. Miboro situated one 
the heavy rainfall zones Japan. Following the rainy season June there 
may several typhoons bringing heavy rains during the months August 
and September. The job shut down December through March due con- 
siderable amounts snow fall. Core materials which were found the 
Miboro area similar #148 and #151 the Brownless Dam contained 
more than 60% and 30% moisture respectively. 

Under these unfavorable conditions, investigations were made covering 
wide areas extending upstream from the dam site order locate 
satisfactory core material pits. After making tests moisture content, gra- 
dation, Atterberg limits, Proctor density, permeability coefficient, shearing 
strength and consolidation together with careful studies samples obtained 
from various test pits, adits and auger holes, was concluded that would 
impossible obtain large volume satisfactory materials for the im- 
pervious core zone dry condition. result, decision was made 
adopt policy mixing two more types materials found the Akimachi 
area which located about upstream the dam. this area the hill sides 
face the south and west with terraces along the lower slopes. these 
terraces are wide and slope gently the south, the whole area favorably 
oriented absorb the maximum heat from the sun effectively drying the ma- 
terial. most portions the hillsides, disintegrated granite (D.G.) ex- 
posed when the relatively thin top soil removed. the gullies and lower 
slopes, clayey materials containing much detritus lie between the D.G. and the 
top soil. the terraces the lower slopes thick layers clayey material 
containing much detritus found under the top soil. result, much 
easier prepare satisfactory core material first mixing these several 
types materials stockpile within the area. 

Gradation curves are shown Fig. and test results representative 
samples obtained from the Akimachi area are tabulated Table 

Test samples and are D.G. which contain very small amounts fines 
and show stickiness. Natural moisture content the D.G. lower than 
optimum while density and shearing strength are higher. The permeability 
coefficient quite high. adding some clay these materials become very 
suitable for impervious core. 

Test samples and are clayey soil and although contain detritus, their 
fines are very sticky. The natural moisture content higher than the opti- 
mum and the density lower. Compaction this type material rollers 
very difficult and cannot used itself. therefore used mix- 
ing agent with D.G. material order increase the imperviousness the 
latter. 

Mixing two more different kinds materials such mentioned above 
successfully carried making stockpiles the flatter slopes. this 
method, there are several advantages enumerated the following: 
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TABLE 2,—TEST RESULTS EACH CORE MATERIAL 


Max, size (mm) 
(%) 
(%) 


Standard Optimum Moisture 
Compaction Content 
Max, Dry 

Density (t/m3) 
ft) 
Atterberg Liquid Limit 
Limits 
Plasticity Index (%) 
Shearing Moisture 
Strength Content (%) 
Dry Density 
ft) 
Cohesion 
in) 
Angle Internal 
Friction (Degree) 
Consoli- Moisture 
dation Content 
Density 
ft) 
Pore Load 
Pressure 
142 psi psi 
Permeability 


50.0 


5.0 


1,72 


107 


39.0 
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2.65 


18.5 


106 


40.0 


10.0 


| 
50.0 
20.0 
6.0 10.0 40.0 
3.0 27.0 
1.5 1.5 16.0 
5.0 
17.8 17.5 
1.69 1.70 
106 106 
0.45 
6.4 
18,2 19.0 
1.70 1.67 
106 104 
5.0 
3.0 
31,2 42.6 
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(1) placing the D.G., whose natural moisture content low, after rain 
during the night, and placing thin clay layer top during dry 
day, the moisture content clay can easily lowered. Thus, 
possible lower the moisture content the mixed materials 
whole and, result, the number core placement days can in- 
creased considerably. 


(2) Oversize rocks and boulders can removed during the stockpiling 
operation. 

(3) Different materials stocked horizontal layers are excavated almost 
vertically shovels that the materials are mixed evenly and 
thoroughly during this operation. 

(4) When placing, uniform material known quality obtainable that 

possible construct more uniform core zone. This also per- 

mits simplification compaction work the dam, and results 
increased rate core placement. example properties stock- 

pile mixed materials shown Table 


TABLE 3.—PROPERTIES STOCKPILE MATERIALS 
Maximum Size 


150.0 


40.0 
(%) 12.5 
(%) 4.0 
Specific Gravity 2.65 


Natural Moisture Content 


Standard Optimum Moisture Content 
Compaction Max, Dry Density (t/m3) (117 


Shearing Cohesion 0.55 (7.8 psi) 
Strength Angle Internal 
Friction (Degree) 34° 
Consolidation Consolidation (%) 
(Load Pore Pressure (22.8 psi) 
Permeability Coefficient (cm/sec) 


Twenty ton sheepfoot rollers are being used for core zone compaction. 
the 2,000,000 (2,620,000 cu. yd.) all materials placed July-December, 
1958, 250,000 (326,000 cu. yd.) was core material. the 203 tests made 
for moisture content core materials placed during this period, 80.2% 
the total showed that compaction was made the dry side the optimum. 

Mr. Collins acts consulting engineer the design the dam, 
while engineers Guy Atkinson Company are giving technological as- 
sistance relative its actual construction work. 
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attempt has been made follow the movement 
Brownlee dam closely possible. unfortunate that construction 
methods not make possible begin measurements soon enough plot 
initial settlement and horizontal movement. Monuments for measurement 
purpose were not placed along the crest until all cable trench work and final 
dressing along the top was completed, the possibility damage the 
monuments would greatly reduced. 

The position the monuments installed shown Fig. 16. Monuments 
and are placed along upstream bench Elev. 2050; these monu- 
ments are used for settlement measurement only. Readings were begun 
these points four months before those along the top and continued for three 
months after the others were begun which permits correlation with those 
along the top. Since that time they have been under the water surface. 
Monuments along the crest the dam consist minimum one 
concrete with imbedded brass cap. The “F” settlement rods are supported 
bearing plate the top the clay core. They are set inside inch 
pipe and supported intervals spider provide accurate reading for 
settlement but not for horizontal movement. 

Total lateral and vertical displacement for monuments and vertical dis- 
placement for settlement rods September 15, 1959 shown Fig. 17. 
will noted that the maximum displacement for the two types readings 
does not occur the same station the dam. Maximum total lateral move- 
ment measured was which area deepest toe trench excavation 
and area where the finer river sands and gravels existed the river 
bed. The greatest vertical settlement has taken place Station 
which was the deepest area the core trench. 

For Fig. settlement readings for approximate quarter points the dam 
and the monuments the 2050 bench have been plotted against the headwater 
elevation. can seen that there has been distinct relation between the 
settlement rates and the headwater elevation. The rate settlement lagged 
the headwater change rate approximately one month. Lateral movement 
A4, which had the greatest change, showed the same relation. Table isa 
listing the monthly changes horizontal movement. all cases, except 
one, there was definite upstream shift following the lowering the water. 
Table similar tabulation for settlement. 

axial movement readings were taken until September 1959. would 
expected there definite movement axially from each end the dam 


Resident Engr., Idaho Power Company. 
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TABLE HORIZONTAL MOVEMENT SINCE PREVIOUS MONTH 


toward the center the dam arch flattens. The comparative readings be- 
tween some monuments seems questionable. Some check readings 
taken during the compilation this data tends bear out the magnitude 
these readings based the rate change over short period. addi- 
tional measurement system for this type records has now been set up, 
with the hope determining whether this inconsistency does exist the 
initial positions are error axially. 

Shortly before midnight August 17, 1959, severe earthquake occurred 
the Hebgen dam area Montana. The epi-center this quake was re- 
ported have been point approximately 300 miles from Brownlee dam. 
Intensity the epi-center was variously estimated 7.2 7.8 the 
Richter scale. August readings were taken all monuments and 
settlement rods along the evest Brownlee Dam. Those readings did not 
reveal any effect the earthquake the rate movement. 


| 
A-4-K 6 
TABLE 5.—DAM SETTLEMENT SINCE PREVIOUS MONTH 
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VILGOT Mundal’s paper gives comprehensive and valu- 
able engineering picture the 400 high Brownlee sloping core rockfill dam. 
This paper was the writer since his organization pres- 
ently engaged the Trangslet Dam similar type, height and yardage. 
Brownlee and Trangslet Dams are sloping core rockfill type, approxi- 
mately 400 height and each containing approximately 10,000,000 
material. 

the turn the year 1959-60 the Trangslet dam had reached 75% the 
total height; and storage was The entire project will completed 
the end 1960. the intention the writer’s organization make de- 
tailed presentation the performance thedam 1961. 
Hitherto, only very brief international mention the Trangslet Project has 
been made, viz. the Engineering News-Record, Sept. 11, 1958, pages 60-66, 
(special issue the occasion the Sixth International Congress large 
dams—ICOLD—in New York). However, the dam was demonstrated the par- 
ticipants the 26th Executive Meeting (ICOLD) June 11, 1959. The entire 
project planned, designed and constructed the private company Stora 
Kopparbergs Bergslags AB., Falun, Sweden, under the management Vilgot 
Lanner with Thorild Persson chief designer, and Albert chief 
resident engineer. During the visit printed information the 
project was handed out the participants. The writer presents herewith in- 
formation concerning the dam order put these 
fill dams together the technical literature part this very worthwhile 
Symposium. Rather than the dams, the writer will present 
data Trangslet Dam and leave comparisons the reader. 


GENERAL 


The local conditions aresuch that the dam Trangslet could constructed 
either concrete gravity dam, earth rock fill-type dam. The 
fill-type dam was decided on, view greater permanence. Since ma- 
terial was readily available near the rockfill dam with impervious core 
was found technically and economically motivated. inclined impervi- 
ous core was given preference central core for the following reasons: 


With aninclined impervious core carry out the support- 
ing rockfilling advance, and this involves that initial settlements can develop 


without the impervious core having reached point where would injuri- 
ously affected such settlements. 

Construction dam with sloping core provides more regular em- 
ployment for labour and machines than dam with central core climate 
where there limited season during which core material may placed. 

Withan inclined core, the downstream rockfill may sluiced with water 
without risk damage the filters. 


Trangslet the rock consists syenite with isolated sections 
diabase. The surface layer foundation rock had been affected atmos- 
pheric decomposition, and extensive clearing operations were necessary, es- 
pecially the area covered the impervious core. 

Conditions the site are such that the cost per cubic yard for rockfill and 

will approximately the same. This, together with the fact that the 


Vice and Mgr., Power Dept., Stora Kopparbergs Bergslags Aktiebolag, Fal- 
un, Sweden, 
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shear strength the core material high, has contributed the decision that 
the impervious core should relatively thick. general view the dam 
shown Fig. and cross section Fig. 20. 

Inorder allow for future settlements, the impervious core horizontally 
bow-formed with maximum chord ft, and will, when completed, rise 
above the crest the center the dam over the horizontal plane. 


Other principal data: 


Height 120 (400 ft) 
Crest length (2800 ft) 
Width base (1800 ft) 
Crest width 10" (33 ft) 


Incline upstream slope 1:2.5 


Volumes 
Rockfill, downstream (ungraded rock) 3.25 mill. cum 
(4.13 mill. yd) 
Coarse filter, downstream (moraine stone) 0.50 mill. 
(0.64 mill. yd) 
Medium filter, downstream (graded crushed rock) 0.25 mill. 
(0.32 mill. yd) 
Fine filter, gravel) 0.25 mill. 
(0.32 mill. yd) 
Impervious core (graded moraine) 1.50 mill. 
(1.91 mill. yd) 
Filter, upstream (ungraded gravel) 0.25 mill. cum 
(0.32 mill. yd) 
Supporting rockfill, (ungraded rock) 1.20 mill. 
upstream (1.52 mill. yd) 
Total 7.2 mill. cum 


(9.2 mill. yd) 


Construction.—Work the base rock.—All loose and decomposed rock must 
removed from the area where the impervious core and will contact 
the base rock. The surface the rock then cleared and concrete added 
order obtain continuous contact surface. prevent ground water dam- 
aging the impervious core the contact surface, the ground rock sprayed 
with concrete, thus sealing all cracks. 

Below the impervious core and position indicated Fig. grout 
curtain has been made the rock. The depth these cement injections 
determined drilling tests and pressure measurements drilled holes 


depths. Generally, injections have been made depth about 
m). 


>. 
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Some (20 downstream from the injection curtain and depth 
about (20 inspection gallery runs under the entire core, acting 
drain for the rock under the core. the future, any necessary complementary 
injections under the dam can carried out from this tunnel. The inspection 
gallery drained into the discharge tunnel. 

Fill Materials.—The rockfill consists chiefly porphyry from the quarry 
upstream from the dam. Rock from the various underground 
natively porphyry and diabase—is also put the dam. general, tunnel rock 
proved less suitable rockfill than the other types rock, reason the 
relatively high proportion small-sized material. 


Rock size: <500 <200 
Quarry rock 10% 


For this reason tunnel rock normally used the filters after crushing and 
grading. 

The filter between the impervious core and the rockfill comprises three 
layers, viz. coarse, medium, The rock the coarse filter consists 


stones out the moraine material. This rock normally size from 
100 200 and very suitable for the coarse filter. Graded crushed rock 
from underground operation, sized between and mm, used for medium 
filter. The composedof river gravel maximum size mm. 
The grading the material used the filters described Fig. 21. 

Material for the impervious core taken from moraine deposit close 
the dam site. render the moraine suitable for use core material 
necessary reduce the content stone. This done rejecting all pieces 
over average sorted out and then used the coarse 
filter, described above. this way suitable core material obtained 
with clay content approx. Further details grading appear 
Fig. 21. The core material has its optimum moisture content 8%, calcu- 
lated the basis material less mm. The moraine material has 
general permeability considerably lower thanthe value establishedas up- 
per limit, i.e. 0.10 cm/h. The shear strength the material has been deter 
mined and the value 45°. Laboratory tests have also shown that this 
value will increase when the reservoir filled. This equally true whether 
the material packed Proctor optimum the wetpacking method. La- 
boratory tests have also been carried out determine the effect which the 
variation storage would have the stability the core material. These 
tests disclose that the variations have appreciable effect the degree 
settlement. 

Placing Fill Materials.—The part the rockfill, which transmits the 
load from the impervious core the base rock, sluiced obtain 
body sound supporting material. Sluicing carried out with high-pressure 
nozzles pressure atmos. (300 psi), the capacity the pumps being 
6000 1/min (1320 gal per min). every cubic yardof rockfill ydof water 
are used. Rockfill downstream from the supporting sectionis not sluiced. This 
partis built during winter. The rockfillis dumped from fairly great heights, 
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(65 ft)as experience indicates that settlement will less when such 
heights are used. This applies particularly that dumped winter. 

The coarse filter sluiced and then packed tractors layer 0.5 
thickness. The medium and are sluicedand packed layers 
0.5 thickness. The vibrator used compaction shown Fig. 22. 

The moraine material compacted 0.3 loose layers (11.8 in.) 40- 
-tired rollers. Six rollings give over 95% effective compaction which 
the minimum aimed at. During rolling, the moisture content kept, pos- 
sible, around 7.5 8%, somewhat over the Proctor optimum. The material 
dampened when necessary. Experience shows that difficult drive 
trucks and rubber-tired rollers over the material the moisture content goes 
10%. moisture content 10.5% such operations are not practicable. 


FIG, 22,—VIBRATING THE FILTERS, TRANGSLET DAM 


The photograph Fig.23 shows summer stage core, filter and rockfill 
construction. 

Control.—A continuous check selection and treatment material. 
Special care exercised over the quality and treatment material for the 
impervious core. the course compaction, tests are made the compara- 
tive degrees compaction. sample such test report shown Fig. 24. 
modern aid the continuous and rapid checking packing the isotope 
test, which gives quick and reliable results. 

Observations.—The dam, during construction well for long period 
after completion, will the subject various observations, including mea- 
surements settlement, leakage and pore pressure. 
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Settlement.—As the successive stages the dam are completed, settlement 
will observed from number points different levels. Measurements 
carriedout hitherto have been mainly concerned with material placedin winter 
and thus not sluiced. There evidence that settlement decreases rapidly 
time goes on. 

Leakage.—Leakage along the entire dam expected amount per 
sec (1.8 gal per sec.) with seepage rate 0.10 per (0.04 in. per hr). 
Permeability has been found tobe better than anticipated and the actual leakage 


FIG, 23.—WORK THE CORE EARLY SUMMER 1959 TRANGSLET DAM 


might therefore less than the value given. Leakage measured three 
different points: 


spillway has been arrangedat the foot the dam, which 
collectedand measured. Correctionfor rainwater snow will neces- 
sary. 

Under the lowest section the dam there gallery which leakage 
water from zone between the impervious the ground 
rock collected and measured. This arrangement already use. 
the present storage level upstream, which (115 ft.), the leak- 
age does not exceed 0.2 lit./sec. (0.044 gal.). 
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The rock under the core drains into aninspection gallery running under 
the entire length the core. Measurements leakage water are taken 
vertical drainage wells located every (16.4 32.8 ft.) from 
each other. 


Pore Pressure are being introduced into the 
interior the core, enable pore pressures measuredat different points 
the body the dam. Similarly, pressure measurements are made fissure 
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FIG, 24.—CORE MATERIAL TEST REPORT, TRANGSLET DAM 


areas the base rock under the dam. The pore pressure measurements are 
checked from the inspection gallery. These measurements will value 
determining the significance the speed storage. The normal regulating 
height will future (82 ft.)and the maximum water level variation 


RATES WORK 


order follow the schedule work, the following average rates will 
have maintained: 


Torr volyevikt | Packningsgred | Kernfordelning 
Dulk é@eneity (Precterpeckn, «| vikt: 
100%) Degree of Oreding 
1g 2,10 | 2 | 16 
| | 
pete. | Litton | 3.6 Compaction not couplet 
~ | Mitven | 363.7 0,023 
Bedetr. | Vinster] 363.9 | 0,009 7,1 134,966, 1/00, 
Mitten | | 363,7 | 0,02) 1, 
re | 366 6.4124, 466,610 
q Mitten 209 2 4.3 127.455 
Sager 0,066 > Pal 225 137, 
+ a! 
12_j Medetr. | 367,5 0,010 6,4 131, 49,1 foo, 
| Minster | 267.6 | 0,01) m7 137,871,990, 4 
| 361,72 0,022 de p 6,5 132, 4]00, 
227 429 | | Vanater | 2,005 Pm, 
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Winter months) Summer months) 
Rockfill (daily) 6.000 3.000 
(7.600 yd) (3.800 yd) 


Filters (all) 3.000 
(3.800 yd) 


Core material 5.000 
(6.400 yd) 


CONSTRUCTION EQUIPMENT 
The most important equipment used is: 


Excavators 


Total 


Tractors Caterpillar 


25-ton Dart 

20-ton Faun 

15-ton Faun 
Koering 


5/6-ton various makes 
Total 


Dumpers 20-ton Caterpillar DV21 
20-ton Euclid 


Total 


Rubber -tired rollers 
Vibration machines und Kahler 


Labor.—During the summer half-year, when work carried three 
shifts, 110 330 men work the dam. More than per man and 
day then brought the dam, that is, about per man per hr. 


] 
Total 
Trucks 
> 
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Costs.—On the basis performance hitherto, costs for the various mater- 
ials are expected amount the values shown the table below. 


Material Length Volume Capacity Unit price exclus. 
transport millcuyd cuyd perhr costs for 
miles administration 
/cuyd $/cu 


from quarry 
(blasting 
loading 
transport 
sluicing) 


Coarse filter 
moraine stone 
(transport 
sluicing 
compaction) 


Medium filter 
crushed rock 
from the tunnels 
(transport 
crushing 
screening 
sluicing 
compaction) 


Fine filter 
graded gravel 
(transport 
screening 
sluicing 
compaction 


Impervious material 
graded moraine 
(transport 
screening 
compaction) 


Filter 0.35 8sh 1,15 


Mean-price without costs for administration sh/cu =0.95 6.80 
kr/m 

foundation work included these costs, nor the calculations in- 
clude costs for central administration. 
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COOKE,10 ASCE.--The writer would like emphasize: (a) that 
rockfill dams canbe safely supported stream bed material; and 
(b) that rock not suitable for dumped rock may utilized compacting 
layers. Both these features have been adopted Brownlee Dam and 
Cougar Dam. Both features are being incorporated more rockfill dams the 
technology advances rapidly and rockfill dams are more frequently adopted. 
Two dams adopting these economical features are Goschenen Dam 
land, and Messaure Dam Sweden; both these dams are now (1960) 
advanced stage The writer will briefly present data these 
two interesting dams using recent information provided Albert Luchinger 
Locher Cie, Switzerland, and Tore Nilsson the Swedish Power 
Board. third major dam Furnas Dam Brazil. 

This discussion also comments Brownlee settlement and the defini- 
tion rockfill dams. 

tral core rockfill dam 155 (510 ft) height and 540 (1770 ft) crest length. 
The dam contains 9,000,000 yd) material and creates 
60,000 acre-ft reservoir. Fig. shows the cross section the dam. Re- 
ferences provide information composition the shear strength 
and test fills the shell rockfill material,12,13 and the 
Construction started 1955, but due toa5-month summer construction season, 
the dam only now (1960) nearing completion; the whole watershed this 
portion the Swiss Alps subject avalances. The rockfill design was 


Engr., Pacific Gas and Electric Co., San Francisco, Calif, 

“Goeschenalp Rockfill Dam Project, Switzerland” Eggenberger, Proceed- 
ing, Conf, Soil Mechanics and Foundations Engrg. Vol. 1953, 296, 

“Shear Strength the Materials for the Supporting Shell the Goeschenenalp 
Dam, Switzerland,” Zeller and Wulliman, Proceedings, 4th Internatl. Conf. 
Soil Mechanics and Foundations Engrg., Vol. 1957, 399. 

Fill With Coarse Shell Material Goschenenalp Dam, Switzerland,” 
Zeller and Zeindler, Proceedings, 4th onSoil Mechanics and Foun- 
dations Engrg., Vol. 1957, 

Baulichen Analgen Des Kraftwerke (“The Civil Construction Fea- 
tures the Goshenen Power Project”), Rudolf Pfister, Die Wirtschaft, July, 

«Construction Methods for Goeschenen Dam,” Harold McKeever, World Con- 
struction, September, 1960, pp. 16-33, 
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estimated cost one-half much concrete gravity The down- 
stream slope with 1.45: slopes and benches averages 1.65: for the top 
70.5 height the dam. This steeper than has previously been used 
for this type and height dam. McKeer has many illustrations 
and grading curves. 

Foundation.—The foundation for the core was carried good granite, The 
depth excavation was great 230 ft, and amounted 1,300,000 yd. 
Because the granite was particularly jointed, area grouting was resorted 
addition the main grout curtain. The grout consisted mixture Portland 
cement and Opalinus clay. The rockfill rests granite well compacted 
sand-gravel deposits. The ballast layer, rests unreliable 
layers clay, sand, peat, and organic matter. The settlement the ballast 
zone amounted yr. The vertical drains, 30-in. diameter, gravel- 
filled holes, and the drainage bed under the possibly impervious zone are 
insure drainage during reservoir drawdown. 

Impervious Zone.—The impervious zone thin because was necessary 
manufacture the material from local sand and gravel and imported clay. 
The clay Opalinus clay from the Jura mountains and used amount 
875 per yd. The material mixed specially built plant and its 
quality, consistency, and plasticity are rigidly controlled. 

rockfill material from Talus deposits. Itis not processed 
and contains high percentage offines. Rocks larger than are not used 
the fill. Grading curves were made ofthe natural deposits using 
blocks. The high percentage fines illustrated the following data; 
30% smaller than size (0.4 in.) and 44% smaller than 100 (4.0 in.) 
size.* Another measure the high percentage fines the low percentage 
voids the fill, 17% 18%, and the dry density 2.25 tons per (141 
per ft) for the rock 2.72 specific gravity. The 17% 18% voids for 
the fill containing high percentage fines compares with 27% 30% for 
cleaner rockfill placed layers and 30% for larger rockfill dumped 
high lifts. The rockfill Goschenen Dam dumped wet layers thick 
and not exceeding m-thick, with sluicing and with compaction other 
than hauling and spreading equipment. The method placing rock was 
based data from nine test fills containing total 30,000 material 
and located within the 

Messaure Dam thin central core rockfill dam 101 
(330 ft) height. The dam the largest rockfill dam Sweden, containing 
10,500,000 (13,800,000 yd); the highest the 400-ft Trangslet Dam. 
Messaure Dam located the Stora Lule River miles north the Arctic 
Circle. Due 5-month summer construction season, the project taking 
Messaure Dam and three smaller Swedish rockfill dams, Ligga, Harspranget, 
and Jarkvissle, Fig. 26shows the main river cross section and 
the cross section for the two abutments. Messaure Dam interest because 
its economical use available unprocessed materials, use foundation 
excavation silt-gravel deposits the embankment, required project 
excavations for the rockfill. The decision carry the abutment sections 
bedrock was influenced the economics using much the excavated 
terials the (B) and (C) zones the dam. 

Core Foundation.—The foundation for the moraine core carried sound 
rock; all protruding rock formations and precipitous faces are removed 
prevent any irregular settlements and provide longitudinal slope the 
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dam not exceeding 1:1 with vertical ledges not exceeding 0.5 high; foun- 
dation slope exceed 1:1 slope; and cavities and crevices are thoroughly 
washed out and filled with concrete and fissured rock covered with concrete 
present even surface for beginning compaction the core. The mini- 
mum grout curtain consists two parallel lines spaced (6.6 ft) apart, 
with holes apart the downstream row and apart the upstream 
row. The work the downstream row completed before the upstream row 
started. Two stages; the first (16.4 ft), and the second 
(16.4 33.5 ft) are Water washing, water testing, and grouting are 
thoroughly carried out. 


Zones.—The zones Fig. are follows: 


Moraine Core.—The material obtained from moraine pits that meet 
specified clay content, grading and permeability limits. Rocks 
in.) size are permitted rolled fill and (10 in.) fill placed 
the “wet compaction method,” but the sizes are subject change should 
the amount rocks warrant it. The “wet compaction method,” developed 
the Swedish State Power Board for use with moraines, described Mr. 
involves compaction the moraine water content near the 
liquid limit the material. This requires with limited clay con- 
tent that is, therefore, reasonably permeable. For Messaure, the moraine com- 
plies with the following: the clay content, that portion the material with 
grain less than 0.006 mm, must not exceed 10% material less than 5.6 mm; 
the fine material content, the portion the material with grain less than 0.076 
mm, must amount least 20% material less than 5.6 mm; and the per- 
meability k-value the moraine must between0.1-0.005 per deter- 
mined under normal pressure per cm. The moraine rule 
placed the “wet compaction method,” the compaction being done cater- 
pillar size D-8 heavier. Where rolled fill used, compacted 
least 95% the maximum degree compaction obtained with the modified 
Proctor method. 

Transition Zone.—The material consists coarse Material 
less than 0.06 does not exceed 15% material less than 5.6 mm. The 
value specified preferably 25-50 times greater than the K-value for 
moraine. Filter requirements the (a) zone are complied with. Compaction 
least 96% maximum compaction obtained with the modified Proctor 

Gravel Fill.—The material sandor gravel which after specified com- 
paction shall have friction angle least 35°. The material placed 
layers and compacted optimum water content 95% modified Proctor com- 

Supporting Fill (Pervious).—The material consists sand-gravel with 
sufficient rock that after specified friction about 
40° above and 35° below El. 141. Some the material comes from abutment 
excavation. The material placed layers optimum water 
content 95% modified Proctor compaction. Where necessary, filter layers 
are provided between (D) and (B) zones. Rockfill may used the (D) zone. 

Rockfill Rock).—The rockfill material obtained from 
spillway channel, the underground powerhouse and the tail-race tunnel. The 
grading specified contain all sizes with maximum size and with 
the amount fines not exceed 20% smaller than cm. The rockfill 


COOKE BROWNLEE DAM 


GROUND LINE DRAINAGE 
BED 


NOTE: 


DIMENSIONS AND ELEVATIONS 
IN METERS 


FIG, 25.—CROSS SECTION 


MAX. 
101 meters 
(330 ft) 


STREAMBED MATERIAL 


BEDROCK 


FIG, 26.—CROSS SECTION 


578 
| NORMAL WATER SURFACE 17920 
\ 
| 
17420! 
1738.5 m 
| a5 
1718.0 
| 
| | — 17120 216.0. ® 
> 
VEQTICAL DRAINS 
8 (26ft) 
ELI7im 
EL. 165m _— 
A 
Z 
" A/ 10 m 
| 


COOKE BROWNLEE DAM 


4 
AREA GROUTING 


VATIONS +GROUT CURTAIN 


OG 


40 +07 


GOSCHENEN DAM 


MESSAURE DAM 


LEGEND 


Alluvium 0-100mm mixed with cloy 
Alluvium 0-100mm 

Alluviumn and crushed rock 0-200mm 
Crushed rock (and Alluvium) 0-200 mm 


Talus material high percent fines 
max. blocks 1m? 


Upstream : up to 3m? 
Downstream: up to 1m? 


Blocks to 3m? 
Talus and Alluvium mox. 1m* blocks 


(as018) “9s! 
“KYW 


ALLUVIUM 


LEGEND 


MORAINE 

TRANSITION ZONE 

GRAVEL FILL 

SUPPORTING FILL 
ROCKFILL (QUARRIED ROCK) 
FILTER AND DRAINAGE ZONE 


579 
(2) (1) (2) he 
| 
Les. 


580 COOKE BROWNLEE DAM 


placed 1.5 layers, compacted hauling equipment and sluiced 
adjacent the (B) zone, the maximum rock size 0.5 the maximum layer 
thickness and placing not permitted there any possibility 
freezing. During rock placing under freezing conditions winter months, 
sluicing not used and fines are further limited. 

Filter and Drainage Zone.—The (F) zone between zones (B) and (E) 
consists two zones, common gravel and quarried rock (10 in.) 
maximum Excessive fines are removed where necessary. For the (F) 
zone between zones (B) and (C) single (F) zone natural gravel may 
Filter grading requirements must complied with. The permeability 
K-value specified be, preferably, least 25-50 times great the 
K-value for the (B) material, and that the (F) zone rock, greater than 
the (F) zone gravel. 


The thickness layers and the number passes the various types 
compaction equipment, for zones (B), (C), (D), and (F) are determined com- 
paction tests. 

Brownlee his discussion Mr. Condit has presented valuable settle- 
ment measurements indicating that Brownlee Dam has performed very well. 
However, Mr. Condit noted that the crest monuments were installed several 
months after completion the rockfill; the water level was already high when 
the first readings were taken; Mr. Mundal his closure (to presented sub- 
sequently) stated, “Maximum foundation and embankment settlement Brown- 
lee was 0.546 Mounment F-4 for the recorded period; less than 0.2%.” 
Though the foregoing points are all true, the reader might not get true pic- 
ture; the following tabulation made show the settlement point from 
Figs. and Mr. Condit’s discussion: 

Water Vertical 
Depth Settlement 


(a) About July, 1958 (Complete File) 
(b) 9-25-58 (Begin and bench 
reading) 225 
(c) 2-25-59 (Begin crest measurements) 235 0.55(A2) 
9-15-59 (Recorded crest measurements) 275 
1.01 plus 


The water depths are above the stream bed El. 1800. The 1.05 does not in- 
clude the first months aging the completed fill, the filling 225 the 
275 full reservoir depth, and the early settlement the top dam 
between the ABC bench El. 2050 and the crest nominal El. 2090. the 
first recorded month for point with little raise reservoir 
level. probable that each the several preceding months the settle- 
ment was greater. The data presented are valuable, but emphasized that 
the 0.546 (0.55) ft, does not represent the settlement for the early 
aging the completed fill and for the first filling. 

agreed with Mr. Condit that not easy establish permanent 
settlement points soon desired. However, the lack complete informa- 
tion Brownlee, and also Mud Mountain Dam, suggests that temporary 
points should established such major dams order that the complete 
record may obtained. Even with the loss number temporary points, 
complete record can developed. 
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Definition Rockfill Dam.—In considering Goeschenen, Messaure, and 
Furnas dams rockfill dams, the definition must include rockfill com- 
pacted layers. the paper JohnB. Snethlage, authors define 
rockfill dam: rockfill dam one which least half the materials 
the maximum cross section comprised loose rock placed dumping.” 
possibly not clear whether “loose rock placed dumping” includes rock- 
fill that dumped and compacted layers. Another point the foregoing 
definition which the writer does not agree the use “at least half.” 
least half is, perhaps, too specific. 

The writer considers possible definition be: rockfill dam one that 
relies rockfill, dumped lifts compacted layers, major struc- 
tural element.” 


tributions Messrs. Leonard, Lawton, Hsu, Ito, Condit, Lanner, and Cooke. 

indicated Mr. Leonard, the combined cost excavation and rock 
place was unusually low, principally due the fact that nearly all rock fill 
was furnished from required excavation. Related factors contributing the 
economy the operation were: 


Little overburden had stripped. 

Blasting was performed. 

Excavated rock material required processing, and there was waste. 
There were long hauls. 


Because operations were well scheduled, stockpiling rehandling 
rock was necessary. 


Mr. Lawton’s question concerning specially drilled and grouted holes 
near the left abutment,” was well taken. described the paper, foundation 
treatment included both area the coretrench area. Area 
grouting was accomplished means shallow holes ten-foot centers each 
way. Curtain grouting utilized line deeper holes. drilling and grouting 
operations progressed, became apparent that had supple- 
mented the left abutment area. Consequently, number additional holes, 
much 300 deep, were diamond drilled and grouted stem the artesian 
flow. Thus, these holes were “special” the sense that they were not origi- 
nally were substantially deeper than the grout curtain holes; and 
they had specific pattern depth, inasmuch requirements were dictated 
entirely field conditions. Locations and depths were determined experi- 
enced field engineers. 

Mr. Lawton suggests additional discussion concerning rockfill sizes and the 
effects diversion the fine and coarse filter zones. With respect sizes 
rockfill, the exposed material the time diversion was within the range 
in. was the case with the impervious core, both the fine and 
coarse filter zones were elevation about lower than the downstream 
rockfill. Since the channel through the rockfill was restricted, the water pond- 


Dams: Review and Statistics,” John Snethlage, Scheidenhelm 
and Arthur Vanderlip, Transactions, ASCE, Vol, 125, Part II, 
Vice Pres, and Chf, Engr., Internatl, Engrg. Co., San Francisco, Calif, 
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TABLE 


Height 
Crest Length 
Core Thickness (average) 


Slopes 


Rockfill, U/S Face 
Rockfill, D/S Face 
Impervious Core, U/S Face 
Impervious Core, D/S Face 


Volumes 
Rockfill 4,126,000 
Rockfill 2,438,000 
Filters 468,000 
Impervious Core 449,000 


Total Volume 7,481,000 


4,880,000 
2,310,000 
1,100,000 
2,140,000 


10,400,000 


FIG, HYDROELECTRIC PROJECT 


4,130,000 
1,520,000 
1,600,000 
1,910,000 


9,160,000 


582 
MIBORO TRANGSLET 
400 426 400 
1400 1400 2800 
1:3.0 (avg) 1:2.5 1:2.5 
1:1.4 (avg) 1:1.75 1:1.5 (avg) 
1:1.5 and 1:1.8 1:1.5 1:2.0 
1:0.85 
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over the core and filter area, and due relatively low velocities, silt and 
cofferdam materials were deposited. After clean-up, was found that effects 
diversion flows were negligible, that the filter and core zones had not 
been measurably disturbed. 

Mr. Lawton requests justification for the statement, “unit costs for rock 
placedin the dam estimated tobe about half the cost for similar construction 
years ago.” examination contract unit prices for other rockfill 
projects constructed since 1945, will reveal that combined costs ranged from 
$5. Unit costs for excavation and embankment have, effect, decreased 
recent years because greatly increased equipment capacities and effi- 
ciencies. For Brownlee Project, the factors enumerated the beginning 
this discussion effected economies sufficient lower combined excavation and 
embankment operations costs the extent indicated. 

Mr. Condit’s discussion dam movement after completion great in- 
terest, that the observations indicate that been somewhat less 
than what might normally expected. For example, generally felt that 
settlement rockfill embankment can, reasonable limit, approach one 
per cent the height the fill. Maximum foundation and embankment settle- 
ment Brownlee was 0.546 Monument F-4 for the recorded period; less 
than 0.2%. Settlement will undoubtedly continue for number years. How- 
ever, inasmuch the reservoir has been completely filled since June, 1959, 
most the settlement has already occurred, and any future settlement will 
much lower rate. would appear, then, that (1) results foundation in- 


vestigations were correctly interpreted, and that foundation preparation and 
treatment were properly designed and constructed; and (2) the various em- 
bankment zones—core, filters, and rockfill—were well selected and well con- 
structed. 

Mr. Hsu’s presentation stability analysis details welcome addition 
the discussion. This information, which was only briefly covered the 
original paper, should great interest designers rockfill dams. 

Descriptions Miboro and Trangslet dams Messrs. Ito and Lanner pro- 
vide interesting technical data for inclusion with the discussion. pre- 
sents readily available comparative data for Brownlee, Miboro, and Trangslet. 
Note that the Brownlee impervious core substantially thinner than those 
Miboro Trangslet. This may attributed the fact that physical charac- 
teristics and availability Brownlee core material were such that design 
relatively thin core could accomplished. 


Significant savings excavation and rockfill volumes were effected 
Brownlee designing the rockfill founded much 100ft exist- 
ing consolidated sand and gravel, rather than bedrock. pointed out previ- 
ously, settlement rates have been low, indicating that the foundation material 
is, for all practical purposes, satisfactory bedrock. 
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The writer pleased present information Furnas Dam suggested 
Mr. Cooke. 

paper the overall project consisting dam, spillway, power intake, 
penstocks, and powerhouse has been presented previously.18 The dam, now 
under construction, will composite fill-type structure containing approxi- 
mately 9,100,00 (12,000,000 yd) material. will have crest 
length some 580 (1,900 ft) and will have maximum height about 120 
(395 ft) above the river bottom. 


The left abutment the Furnas site composed finely grained, highly 
jointed quartzite. The surface suitable bedrock averages from 
depth below natural ground surface over the left abutment except 
the spillway area where maximum depth about (115 ft). The general 
strike North 25° West, with the dip 15° 20° the Southwest, down- 
stream and away from the river channel, Bedding planes form joints consisting 
very thin layers clay fine silts which have been metamorphosed into 
micaceous planes. 

the main river channel there deep, diagonal, fault-formed trough. 
This has been intruded diabase dike that has gouge and fractured rock 
both sides. 

The right abutment composed thick beds thinly laminated quartzites 
separated relatively deep bands micaceous schists that are fractured and 
friable near the surface. There has been considerable decomposition and 
weathering the schists and talus slope has formed this abutment. 

Areas containing decomposed schist are present both abutments. Joints 
the quartzites usually are tight and little grouting will required most 
areas. Water testing indicates that little difficulty will experienced with 
leakage. 

investigations progressed, became apparent that afill-type structure 
was better suited site conditions than was concrete structure. Field ex- 
plorations indicated that most the required overburden excavation will 
suitable materials for the random fill, and that rock excavation the intake, 
spillway, and powerhouse areas can utilized for the rock shell portion 
the dam. 


«Furnas Hydroelectric Project,” James Libby, Proceedings, ASCE, Vol. 86, 
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Because the slabby nature the quartzite fragments used for the 
rock shells, was considered advisable make special investigations the 
strength characteristics this material. The United States Bureau Recla- 
mation Denver was retained perform large scale triaxial compression 
tests the rockfill using high all around pressures. 

Suitable earth-core material available the right bank about mile 
upstream from the dam axis and the left bank about miles from the site. 
Adequate transition zone material available from spillway overburden ex- 
cavation. Routine tests core and transition zone materials have been per- 
formed Brazilian laboratories and have determined the relative stability 
the material the various borrow pits. addition, test strips have been con- 
structed the site correlate field and laboratory compaction results, 

The canyon the Furnas site 350 (1,150 ft) wide the axis river 
level. Natural ground extends well above maximum reservoir level both 
abutments. Opposed these favorable conditions the foundation the river 
bed traversed deep fault thathas been closed with diabase intrusion. 

The section the dam shown Fig. was adopted after both circular 
arc wedge analyses was structurally stable design. 


Axis otf Oem 


COFFERDAM 


Assumed Rost of £1 670.0 Meterel Greene Serfece 


FIG, 28,—FURNAS PROJECT, DAM SECTION 


Strength parameters for all materials utilized the stability analysis were 
determined from study the results laboratory tests follows: 


Clay core 
Transition zone 
Random fill 
Rock fill 


The core and transition zones are arranged compromise between 
inclined core and central vertical core. This arrangement was found uti- 
lize available materials most effectively. Rockfill willbe placed layers and 
compacted crawler-type equipment. 


Horizontal curvature the main embankment has been accentuated im- 
prove abutment contacts and minimize the possibility cracks developing 
the core due downstream movement (Fig. 29). Because the steepness 
the left abutment, special precautions will taken ensure that detrimental 
effects differential settlement will not endanger the safety the core. The 
upstream and downstream transition zones will extended along the rock face. 


©) 172.09 
| MAIN DAM 
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FIG, 29.—GENERAL PLAN PROJECT 


Excavation suitable foundation the left abutment expected 
nominal. The right side will require considerably more excavation provide 
suitable contact area for the clay core against sound-impervious abutment 
rock. small amount gouge and fractured rock excavation the river 
channel will expose suitable foundation. 

The writer wishes express his appreciation the interest taken the 
contributors the discussion. Active these interested persons 
has made possible more comprehensive presentation for inclusion this 
Symposium Rockfill Dams. through such activities that significant 
technical information may disseminated throughout the world for the benefit 
all. 


aerial view the completed Brownlee project shown Fig. 27. 
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Paper No. 3083 


ROCKFILL DAMS: 
WISHON AND COURTRIGHT CONCRETE FACE DAMS 


With Discussion Messrs, Davey; Karl Terzaghi; and Barry Cooke 


SYNOPSIS 


Design considerations and construction the two approximately 300 -foot 
high dams are discussed. All changes design and construction from previ- 
ous and dams have been made lower the cost without affecting the 
safety the dams. Wishon was filled May 1958 and initial crest settlement 
data presented. 


INTRODUCTION 


Wishon and Courtright dams located the North Fork watershed 
the Kings River about miles from Fresno, California. Together they will 
store 251,300 acre feet water which will fall through 5645 feet head 
Pacific Gas and Electric Company’s Haas, Balch and Kings River hydro- 
electric plants.(2,8)2 Physical data comparison with the Company’s Salt 
Springs and Lower Bear River dams presented Table and discussion 
the two earlier dams presented reference (10). 

Wishon Dam was completed May 10, 1958, and the reservoir completely 
filled May 27, 1958. Courtright will completed 1958. The two dams 
were designed concurrently and are therefore similar. Wishon will re- 
viewed detail and Courtright will discussed only differs from 
Wishon. 


essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper Positions and titles given are those ef- 
fect when the paper discussion was approved for publication Transactions, 

Superv. Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif. 


Numerals parenthesis refer corresponding items the Bibliography. 
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Wishon Design 


The selection the concrete face rockfill type dam was made the 
basis its being the lowest cost dam considering the site, availability ma- 
terials, and reservoir operating conditions. The site exposed glaciated 
granite with essentially overburden decomposed granite, Fig. Explo- 
ration for core materials, for core rockfill types dam, failed locate 
satisfactory materials meadows zones decomposed granite 
radius about miles. Reservoir operation will normally unwater the top 
two-thirds the face each year and all may unwatered, necessary, with- 
out impairing operation. 


The cost concrete gravity dam was estimated twice that 
concrete face rockfill. thin central core rockfill and sloping core rock- 
fill were estimated cost about the same concrete face rockfill. de- 
cision between types rockfill based reasons other than economic was not 
required since core material was not available. 


Having selected the concrete face rockfill type dam, the experience 
record Salt Springs, and the Lower Bear River dams, was thoroughly re- 
viewed. The review covered construction well design and performance, 
with the objective specifying dam that could constructed modern 


methods and straightforward manner. All changes from Lower Bear 
River design were made obtain more economical design and simplify 
construction. The changes not alter the safety the dam; they should not 
adversely affect the performance; and they substantially lowered the cost. 
The main changes order the amount saving are: 


(1) Thinner placed rock. 

(2) Steeper upstream face. 

(3) Less rigid placed rock specification. 

(4) Use face lifts for placed rock and face flab construction access. 

(5) Elimination keyways the placed rock. 

(6) Permit placed rock points project the plane the reinforcing 
steel. 

(7) Simplified joints. 
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Diversion, Outlet Works and Spillway 


Diversion Tunnel.—The size and alignment diversion tunnel was given 
the bidders. the first runoff season, the partially completed dam, with 
broad crest width and concrete face, was serve cofferdam. the 
second runoff season, the permanent outlet works was installed order 
act spillway, permit storage water with the partially completed 
dam. The design capacities were such that several floods record would 
have caused not more than 2000 cfs pass through the partially completed 
rockfill. was considered that such would not endanger this dam large 
rock, and the economy size tunnel and outlet works was obtained. 
Circumstances were such that actually flows passed through the rockfill. 

Outlet Works.—The capacity was governed the use the outlet works 
spillway between the second and third construction season order obtain 
early storage, discussed above. 84-inch Howell-Bunger valve and 
120-inch butterfly valve are installed chamber the diversion tunnel, 
illustrated and described reference (8). The diversion tunnel leading 
and from the valve chamber left unlined. 

Spillway.—The spillway, Fig. consists six 40-foot 11-foot radial 
gates that discharge into the spillway quarry, unlined rock channel. The 
channel discharges onto exposed bedrock and the flow reaches the river 
quarter mile downstream from the dam. The design flow 30,000 cfs 
for the maximum storage and flood level 6550, and freeboard provided 
the 4-foot coping wall, Fig. The concrete face rockfill dam not con- 
sidered require much freeboard earth earth core rockfill dam. 
The tops five auxiliary concrete dams are only one foot above maximum 
storage level, and the spillway channel (quarry floor) sloped take in- 
creased flow without causing backwater effect the spillway gate structure. 
These two features give excess spillway capacity cost. 


Auxiliary Dams 


Five concrete gravity auxiliary dams are required along glaciated 
granite ridge that forms the right abutment the main dam. The maximum 
height feet and total crest length 240 feet. The crest being foot above 
maximum storage level and feet below top coping wall, the auxiliary dams 
are minimum cost and provide excess spillway capacity. 


Cross Section and Alignment 


The cross section the dam, Fig. similar Salt Springs, Table 
but with slightly steeper upstream face. Lower Bear River dams the con- 
struction experience showed that the 1:1 face Dam No. could construct- 
essentially the same unit costs the 1.3:1 face Dam No. was 
considered that the use “face lifts” proposed for Wishon would make the 
1:1 face more easily constructed, and that the reduced quantities would di- 
rectly represent reduced cost. 

Upstream Face.—The upstream face slope, Fig. may considered 
1:1 the upper portion and the lower portion the dam. elev. 
6400, 150 feet from the crest, transition between the two slopes made 
40-foot height slab above elev. 6400 and another 1.2:1 below. 
The 1:1 slope stable with minimum thickness placed rock; can con- 
structed conveniently; and concrete can placed rapidly slip forms. The 
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TABLE DATA FOR FIVE AND ROCKFILL DAMS 


Year Completed 1959 
Storage 123 ,300 
Crest Elevation FT 8188 
Foundation 317 
Crest Length 900 
Crest Width FT 16 
Max. Height (To 
Design Crest) 
Streambed Axis 295 
Foundation Axi 295 
Streambed 317 
Foundation 317 
Cutoff Line 289 
Cutoff Trench 337 
Slopes (Horiz. 
Vert.) 
Upstream 1 1.3 to 1.0 1.0 | 1.3 to 1.0 
Nat.to 1.4 Nat.to 1.4 
Placed Rock Thickness} FT 
Top 7.8 
Down 100 7.8 
Down 150 Ft 10 
Down 200 Ft 10 
Max. (Cutoff Line) 11.6 
Quantities (1000 CY) 
Excavation 
1,540 
Placed 
Total 1,617 
Placed :Dumped 5.0 
**Concrete 


Nat. Natural 1.3 Plus 


Includes cutoff, coping, face slab theoretical and excess thickness, and 
abutment gravity sections. 


SPRINGS NO NO WING RIGHT 
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slope was preferred below height 150 feet transmit the higher 
water pressures more directly the foundation through shorter distance 
the rockfill; better transmit the horizontal component water pressure 
the foundation the vicinity the cutoff wall; and show increased respect 
for the higher dam. Adjacent the cutoff, the rocks underlying the slab must 
transmit the horizontal component water pressure bedrock with mini- 
mum yielding movement. With the 1.3:1 face slope, this accomplished 
with ratio vertical horizontal force 1.3:1, which more favorable 
than The slope reduces face movements the heavily loaded lower 
portion the dam, transmitting the water load the foundation through 
shorter distance dumped rock. The cost the flatter slope not great 
since occurs the narrow portion the site. The full height the wing 
section maximum 166-foot height, Fig. and 1:1 upstream slope. 
The terms “wing section” and “main section”, Fig. are used identify the 
two rather independent portions Wishon Dam. 

Downstream Slope.—The downstream slope essentially the natural 
dumped slope. Because the natural slope irregular and unknown, the first 
lifts are carried out toe located 1.4:1 slope from 12-foot wide theo- 
retical crest the storage level 6550. The upper portion the slope 
the natural slope that results from constructing the 20-foot crest width the 
constructed crest elevation, Fig. and The 20-foot crest width provides 
for two-way traffic and otherwise wider than considered necessary for the 
concrete face rockfill dam. 

Alignment.—The horizontal alignment the dam based largely de- 
termining minimum quantities and cost. For the concrete face dam, lo- 
cation giving minimum face area, rather than minimum volume, tends 
govern. noted, Fig. that the cutoff along the ridge both 
abutments, which requires more dumped fill, but gives dam having minimum 
face area and minimum cost. The dam 5000-foot radius curve. The 
face joints the main and wing sections are normal two chords that inter- 
sect Station 00, Fig. The curvature somewhat more than re- 
quired for settlement and appearance order obtain minimum cost, 
adapting the long dam the site contours. The vertical alignment provides 
crown four feet above design crest the 296-foot high maximum section. 


Cutoff 


Abutment Gravity Sections.—At each end the dam concrete gravity 
section, Fig. used height feet, about which height the 
cost gravity section equals that the concrete face The up- 
stream face 1:1 and, with copper joint, connected the first face slab 
the rockfill dam. The use this gravity section provides economical and 
straightforward ends for the dam. The coping wall continues, dowelled bed- 
rock, until zero height. 

Concrete Face Cutoff.—The cutoff shown Fig. comparison with 
the cutoff Salt Springs and Lower Bear River dams. discouraging 
excavate sound rock and replace with concrete, and the trend has been 
reduce the depth cutoff sound bedrock. seamy rock the cutoff 
carried greater depths. Even with careful blasting, there tendency 
loosen adjacent rock and the cost the excavation very high. The trench 
upstream from the cutoff line eliminate uplift. inferior rock were en- 
countered local areas was intended provide upstream slab 
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SALT SPRINGS LOWER BEAR RIVER WISHON 


serie 


MOP WITH 
ASPHALT 


MAY REMAIN 
PLACE. 


STYROFOAM 
WHERE 
EXCEEDS BFT 
on > 


ALL WERE 3 FT. DEPTH AT TOP OF DAM. 
DEPTHS ARE ARBITRARY MINIMUMS. IN 
POOR ROCK OR GOUGES OR BROAD 
SEAMS THE DEPTH IS GREATER 


ISFT. AT 320FT HEAD 


CUTOFF WALLS 


SALT SPRINGS LOWER BEAR RIVER NO.! WISHON 


FIG, CUTOFF AND JOINT RIBS, AND DAMS 


MASTIC AND PREMOULDEL 
JOINT FILLER EXTRUDE 


OPENING 
STYROFOAM 


SLIDES CRUSHES 
4. 


OPENING VERTICAL JOINT CLOSING VERTICAL JOINT 


FIG, FACE JOINT MOVEMENT, WISHON DAM 


2 ¥ 
HORIZONTAL JOINTS AND JOINT RIBS | 
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VERTICAL JOINTS AND JOINT RIBS 
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bed the lower layer placed rock concrete obtain longer percolation 
path, but this was not required. Across some seamy gouged zones, the 
cutoff wall became high feet and styrofoam was used, Fig. 3,to allow 
the face yield with the placed rock adjacent the cutoff wall. 

Grouting.—Grout pipes were arbitrarily placed the cutoff wall normal 
the cutoff line and 25-foot spacing, and additional pipes located that 
drill hole will intersect visible seams some feet below the cutoff 
The arbitrary pattern grouting shown Fig. The deeper 
holes 100-foot spacing were cored and were water pressure tested before 
grouting. The requirement was for additional holes and regrouting de- 
termined the grout take from the primary holes. 


Dumped Rockfill 


Specification. —Selection quarry sites was left the contractor, except 
for specific excavation requirements the spillway area, and with the re- 
striction that quarry closer than 200 feet the cutoff line outlet 
tunnel the quarry floor below the crest the dam. assure large size 
rock the fill, the rock handling equipment was specified capable 
handling 15-ton rocks. Rock was specified sound, hard and durable with 
definitions for each term. least 50% (by weight) the rock the dam 
was specified range from 0.5 ton and over. 

height lifts are considered desirable both the per- 
formance the dam and the contractor. The high lifts are associated with 
maximum energy and compaction going into the fill during construction. The 
high lifts require minimum haul road construction and minimum lift surface 
area cleaned up. proposed, acceptable, but not required, lift ar- 
rangement, Fig. was included the bidding drawings give the contract- 
ors idea one way the dam could constructed straightforward 
Lift Fig. was specified elev. 6380 permit early placed 
rock construction and provide cofferdam the end the first construction 
The 140-foot minimum top width was minimize upstream face 
movement the event overpour while this lift served cofferdam. Lift 
was elevation that would assure completion across the canyon the 
time the placed rock was completed elev. 6380, and thus permit continuous 
work all components the dam. Lift required elevation assure 
partial storage 80,000 acre feet the end the second year. The three 
main lifts are set back from the face permit access” 
“face” lifts. The top each lift shown minimum construction widths. 
The minimum width, used, would require minimum lift surface cleanup and 
give maximum compaction the dam the high overlapping fill. However, 
the benefits are not essential the dam and broader widths are permitted 
they facilitate construction, 

The face lifts are theoretically undesirable because the low lifts not get 
much settlement during construction and the placed rock and concrete are 
constructed the freshly dumped fill the face lifts. However, since these 
considerations only affect the probability cracks the face, and not safety, 
the method adopted because the practical and lower cost construction 
that results the use face lifts. The face lifts may constructed rapidly 
since the area the “parallelogram” section the lift small. Since there 
only small amount dumping from the end the face lift progres- 
ses, not many fines accumulate lift surface cleanup not problem. The 
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height and location face lifts governed the location concrete 
joints and the reach the cranes for placing rock. 

Sluicing.—Sluicing water was specified applied the times and places 
where rock being dumped volume three times great the volume 
rock being Sluicing also required, may directed, visi- 
ble surface zones fines that may develop. pressure 100 psi the 
nozzles 3-inch diameter was required, which produced jets 2.5 
5.5 pressure gage was required each monitor. The action the 
powerful jets excavating pockets spalls and distributing the spalls into 
voids the large rocks considered desirable feature sluicing the 
washing small fines into the rockfill. 


Placed Rock 


The placed rock section Wishon somewhat thinner than used previ- 
ous high rockfill dams the and Company. considered that the 
thickness does not involve stability for the slopes 1:1 flatter than 1:1; 
and that, with the quality the well sluiced dumped fill, the thickness should 
have little effect upon the probability cracks the The 11-foot hori- 
zontal thickness (7.8-foot normal thickness) the upper portion the dam, 
Fig. was adopted practicable construction minimum catch the 
dumped rocks with the steeper than upstream surface slope. However, 
the lower portion the dam, the placed rock was increased about 11-foot 
normal thickness, spite of‘the flatter face slopes. This still considerably 
thinner than Salt Springs and Lower Bear River, but thicker than the 
7.8-foot minimum adopted for the upper portion the dam out respect for 
the high water pressures the lower portion 300-foot dam, Table 

Since only small per cent the surface area the dam the lower 
portion the dam, the increased thicknesses the bottom Wishon require 
only 9.5% more placed rock than all the placed rock were 11-foot hori- 
zontal thickness. was decided not depart too much from previous 
practice this time. Since the thickness and specification for placed rock 
considered involve economics and practical construction, and not safety, 
the construction and performance experience Wishon may lead further 
economies the future. 

Specification.—The drawings, Fig. and specify horizontal thicknesses, 
since horizontal thicknesses can best used lay out and inspect the con- 
For the wing section, Fig. the 11-foot thickness used for the 
full height dam. The rock was specified selected rock, ton 
more weight, with average weight not less than tons. Rocks were re- 
quired touch each other and downstream direction and close 
possible laterally, with nearest points adjacent rock not greater than inch- 
apart. Accessible voids between and downstream rocks were required 
chinked with large rock, and lateral voids filled with rocks that 
would pass 2-inch grizzly. Rock points edges were permitted project 
the plane the reinforcing steel minimize the amount excess concrete 
beyond the theoretical thickness. 

previous specifications for placed rock, the requirement lateral 
well and downstream contact the placed rocks greatly slowed down 
writing the Wishon Specifications, was considered that the 
possible benefits were not worth the cost, and lateral contact was not 
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required. This change involved definite capital cost versus “possible” mainte- 
nance cost, and not safety. Vertical contacts are important and occur auto- 
matically. and downstream contacts transmit the high water pressure into 
the fill with minimum possibility local movements. 


Concrete Face 


The concrete face, elevation 6550 the Sierras, will subject freez- 
ing conditions. The strength specified the basis obtaining dense 
frost action resistant concrete and not resist computed stresses. Concrete 
was specified have: 3000 psi 28-day compressive strength; 2-1/2 inch 
maximum size aggregate; 5-1/2 air entrainment volume; and contain 
water reducing agent. Cold weather pouring requirements were: not less 
than 40° placing temperature moderate weather; and not less than 50° 
temperature for hours after placing freezing weather. 

Thickness and Reinforcing.—The thickness concrete and the reinforcing, 
Fig. are the same Salt Springs and Lower Bear River. arbitrary 
and has been satisfactory those dams. One economy thickness, made 
Wishon, was permit placed rock points and edges project into the theo- 
retical thickness slab the plane the reinforcing steel. This reduces 
the amount concrete beyond the theoretical thickness that required fill 
the surface irregularities the placed rock. 

Joint Arrangement.—The joint arrangement, Fig. simplified over that 
used Lower Bear River improve performance and the same time use 
minimum total length joints. The 60-foot vertical joint spacing used 
practicable spacing for use slip form and give reasonable 
alignment and flexibility the cutoff. The wing section, 166-foot maximum 
height has only one horizontal joint that divides the face into two pours. 
the main section the top two slabs are 77.8-foot lengths, selected practi- 
cal lengths for maximum single pours. The slabs below elevation 6400 are 
31.2 feet long because the lower half the face the settlement contours are 
closer together; there greater tendency develop vertical stresses 
the face; joint movements are high; and the slabs are thicker and more rigid. 
The joint that parallel to, ahd feet from, the cutoff joint called slop- 
ing joint. forms “hinge slab”. The sloping joint used only where the 
dam exceeds 150-foot height since above that point the abutment slopes are 
gradual the Wishon site and the movements should small. the lower 
portion, additional vertical joints are used abrupt changes cutoff 
alignment. general, the lower portion the dam given more careful 
joint treatment since cracks can produce more leakage under the high head 
and the lower face area will seldom unwatered. 

Joint Ribs.—The term “joint rib” refers the concrete poured strip 
along face slab joint lines advance the face slab. The design 
adopted for Wishon requires keyway the rock and shown comparison 
with Salt Springs and Lower Bear River Dams Fig. Wishon there are 
20,000 feet joint, excluding the cutoff joint, and the adopted Wishon design 
was estimated cost some $500,000 less than the rib designs previously used 
this type dam. The design was adopted lower the cost, speed 
the placing rock, and improve the functioning the joints. Keyways 
have slowed the placed rock work previous dams and, due the irregu- 
lar sized rock, have required excessive concrete, 

The joint rib essentially smooth surface concrete painted with 
asphalt and located under the joint. useful both construction the 
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dam and the performance the joint. The rib gives surface which the 
joint can conveniently, practically, and well constructed, and which the 
forms may supported. The trim contact joint rib concrete and the form 
insures good concrete job beneath the copper seal. Though there are con- 
struction benefits from the rib the primary reason for the rib its function 

performance the joints. The rib makes the opening and closing 

joint possible without damage the edges the slabs separating the edges 
the slab from the placed rock. automatically provides secondary water- 
stop the vicinity the joint, but this not reason for the joint rib. 

Fig. illustrates the functioning joint. the opening joint, the 
placed rock must separate under adjacent the joint rib. can occur any- 
where under the rib since the slab can slide the smooth asphalt surface 
the rib. will probably occur irregular separation and the rib concrete 
would probably crack over the underlying separations the placed rock. 
the closing joint, some crushing must occur the rib the immedi- 
ately adjacent placed rock. Some the crushed material must find void 
the placed rock, compress pieces the wood form that are left place, 
compress the styrofoam. The rib 1500 psi concrete that will crush 
more readily than the face slab. Below the rib some rock points must crush, 
the contact particularly good between rocks immediately under the joint, 
some sliding rocks and crushing points away from the joint can ac- 
commodate the movement. 

apparent that substantial force necessary close joint, but ex- 
perience shows that the joint does close before the slab crushes. That the 
joints resist closing probably very desirable since limits movements. 

Lower Bear River Dam No. there has been zero joint opening closing, 
which indicates that settlement and temperature forces the face this 
small dam have not been great enough cause movement.(10) the higher 
No, dam, nearly all joints have moved. 

Joint are three types joints; sloping and cutoff, hori- 
zontal, and vertical. Sloping joints are those parallel and feet from the 
cutoff joint, and vertical joints are those that the face vertical plane 
perpendicular the axis. Fig. shows the details the joints and Fig. 
shows the setting the horizontal and vertical joints the joint ribs. The 
copper joined one-half inch laps that are brazed thin flowing, low 
temperature welding alloy rod, flux being applied the inner surfaces the 
lap. This “sweated” joint more rapidly made and more easily made water- 
tight than high temperature brazed job. 

The cutoff and sloping joints are cold joints with ability close. Near 
the cutoff line there little rock just below the slab that cannot move 
very much, considered that these joints should relieve moments the 
slab but otherwise resist movement the slabs and support the upper slabs. 
The redwood used inhorizontal joints material that will resist the clos- 
ing the joint and not extrude. Lower Bear River(10) all joints except the 
upper one closed moderately. probable that the redwood not necessary 
the elev. 6495 joint, but nominal cost and all horizontal joints were 
made the same. The use the waterstop the horizontal joints 
economy over the use waterstop previous dams. 

The vertical joint designed open close and permit the slabs 
move parallel the joint with respect each other. The deep 4-inch per- 
mits larger opening than will occur and permits the copper wrinkle rather 
than tear due differential movements parallel the joint. The styrofoam 
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beneath the copper permits complete closing since compresses essential- 
zero The asphalt above the copper can extrude the surface. 
Above elev. 6400 the vertical joints the central vertical joints the main 
section were constructed inch open and all other vertical joints one inch 
open. probable that more simplified vertical joint would suitable for 
the wing section based the performance the Lower Bear River No. 
but because the substantial changes placed rock, the vertical 
joint detail was not simplified for the wing section Wishon. 


Wishon Construction 


The Wishon dam, located elevation 6550, snowed during the winter. 
seven month normal construction season may lengthened about nine 
months fighting snow both ends the construction season. August 
1955 the job was awarded joint venture, Morrison-Walsh-Perini, 
sponsored Morrison-Knudsen Company. the remaining several months 
the 1955 season, construction started roads, clearing, opening quarry 
and driving diversion tunnel. Construction 1956 was primarily stream- 
bed excavation, dumping rock and cut off excavation. The major con- 
struction year was 1957, the end which Morrison-Knudsen was ahead 
schedule, and the remaining work consisted the top concrete slabs. 

was arranged complete the dam winter weather April-May 1958 
order completely fill the 128,000 acre foot reservoir with the 1958 snow- 
melt runoff. Construction took construction months for the dam 3350 
foot crest, 290 foot maximum height and 3,700,000 cubic yards 

The construction both Wishon and Courtright well discussed and illus- 
trated, particularly regard methods and equipment, the construction 
magazine references (1) (3-7) (9). this paper construction will reviewed 
and illustrated supplement the more detailed coverage the references. 

Fig. shows the massive granite formation the site and interesting 
stage construction. The photo taken from the end the wing section 
dumped fill, some which the left foreground. Dumping proceeding 
the 6450 lift, which was carried the full width dam rather than partial 
width shown Fig. Placed rock work proceeding from the face lifts, 
which were used essentially proposed Fig. the right foreground 
portion the face lift has been scarified receive the next lift dumped 
rock, The pile fines was formed monitor and bulldozer the scarifying 
operation, and was later removed. From the main lifts the scarified fines 
are cast over the downstream face. Scarifying bulldozer carrying 
monitor that operates 200 psi. This high pressure possible operating 
off-shift times when other monitors are shut down. Large rocks may 
seen high the dumped slopes, which desirable. takes well inter- 
locked surface rocks stop the large rock from sliding further down the 

Fig. shows sluicing from cantilevered monitors, and also typical dumped 
fill. The monitors are located such that they can excavate surface zones 
fines dumping proceeds. Large rocks sliding down the slope cause thin 
surface slides movement rocks, but such surface movements not en- 
danger the truck rear wheels which are the edge the fill. The sluicing 
operation requires continual effort inspectors and monitor operators get 
the maximum benefit out sluicing. Inspection the rockfill shows that the 
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rocks come rest generally secure-wedged contacts rather than point 
contacts. The sliding rolling the heaviest rocks appears give materi- 
compaction effort the fill. 

Fig. shows the surface placed rock joint ribs and some completed slabs. 
The placed rocks range weight from tons and maximum di- 
mension, feet. The surface the placed rock quite irregular since 
the cost excess concrete the irregularities less than the cost ob- 
taining smoother face surface with irregular sized and shaped rocks. The 
small rocks are fill the surface voids prevent loss concrete 
concrete mortar the placed rock, The joint ribs are screeded the 
surface, not formed. Concrete may run out under the forms, the only re- 
quirement being surface foot width for vertical joints and foot for 
horizontal joints, Fig. The form seen the edge the completed slab 
reusable and heavily constructed carry the wheels the slip form. 

Figs. and show the progress during the months construction 
1957. These isometric drawings have been redrawn from construction plan- 
ning and progress drawings made Morrison-Walsh-Perini. seen that 
construction the three major elements the dam, dumped rock, placed 
rock and concrete face, all proceed simultaneously and continuously. The 
first isometric shows the work accomplished six months 1956, which in- 
cluded primarily the streambed excavation, cutoff excavation, and the dumped 
rock shown. 

November 1957 small crew was maintained during the cold weather 
complete all the dumped and placed The required scheduled com- 
pletion was only elevation 6495. Figs. and show two general views 
construction stages. 

Fig. shows the dam nearing completion April, 1958. the middle 
March, 1958 Agreement was signed guaranteeing completion the dam 
June 1958, just time catch the snow melt runoff. The dam was snowed 
in, and snow was removed and work began series storms late March 
and early April impaired progress. spite the discouraging start the dam 
was finished May three weeks ahead the accelerated schedule. The 
slip form was designed Morrison-Knudsen Company. was operated 
electric winches the form and pulled blocks anchored large rocks 
near the top the pour. 

Foundation Excavation.—The streambed material was sand and gravel with 
cobbles inch size, but there were very few boulders. was decided 
remove them because their small size and they were removed drag- 
line working under water. Excavation stopped when the dragline began hitting 
high spots bedrock. The holes were not unwatered completely cleaned 
The estimate, based several drill holes and upstream from the 
axis, was 75,000 cu. yds., but 170,000 cu. yds. were removed and most down- 
stream from the axis. Had this been known more consideration would have 
been given leaving most the material downstream from the axis place 
with the use filters. 

Cutoff.—It considered desirable make the cutoff line straight between 
vertical joints order that the slab may considered “hinge” the cut- 
off joint. High points the irregular shaped abutment rock were removed 
down the cutoff line, and then the foot wide trench was carefully excavat- 
ed. The cutoff requires drill holes about foot centers both directions, 
light blasting, and hand mucking. The grouting was carried out the arbi- 
trary pattern, Fig. with additional holes where seams jointing planes 
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were observed. Due the deeply jointed rock at-Wishon many additional 
holes were necessary, and 300 grout holes took 100 700 sacks 
cement, 

Dumped Rockfill.—The spillway quarry and main quarry near the right 
abutment, Fig. furnished the rock for the dam. References (3), (6), (7) and 
(9) give thorough description quarrying, hauling and sluicing the rockfill. 
The powder factor was high, 1.0 lb. per cu. yd., due deep fissures the 
rock. Payment was made specified cents solid cubic yard for all 
material removed from the quarry site, including overburden. bid price 
was paid for the yardage the pay lines the dam. The bid price included 
haul roads, hauling, sluicing, scarifying lift surfaces and the additional cost 
quarrying over the fixed payment. The fixed price intentionally less than 
quarry cost. gives both owner and contractor interest having mini- 
mum waste and reduces risk the contractor overburden waste ex- 
cessive. Upon completion the dam, was computed that the dumped rock- 
fill contains 32% voids. The rockfill Courtright the end 1957 also was 
computed contain 32% voids. 

Placed Rock.—The placed rock production rate was greater than previ- 
ous dams this type, averaging 135 and peaking about 200 cu. yds. per 
hour, 7-man crane shift. The reasons are: (a) simplified requirements 
the specification; (b) the convenient work access for the operation cranes 
and supplying rock that provided the face lifts; (c) the use very 
large, ton, rocks; and (d) the well planned supply system and general 
organization the contractor, Morrison-Knudsen Company. The large placed 
rocks were handled Lewis pin drilled hole two sometimes 
three Sullivan pins holes drilled 

Concrete.—The 3000 psi concrete mix contained aggregate sizes: 
3/8, 3/8 3/4, 3/4 1-1/2 and 1-1/2 2-1/2. The four rather than 
normal sizes were used because the friable nature the aggregate and 
the importance dense grading for maximum frost resistance. was re- 
screened the batching plant. The mix contained Permanente Type 
cement, 15% Airox pozzolith, Possolith (water reducing agent), and Dresi- 
nate (AEA) air entraining agent. cement-pozzolan factor 4.85 and 
slumps inches were used. Compressive strengths days were 
generally 3300 4000 psi with few cylinders below 3000. days tests ex- 
ceeded 5000 psi. Concrete was mixed 1.5 cu. yd. paver the dam and 
placed crane and bucket from face lift. Concrete slabs were poured very 
soon after the placed rock was placed, which not theoretically ideal since 
the slabs must then take subsequent construction settlement. However, this 
scheduling makes convenient and minimum-cost construction possible, and 
the construction settlement nominal and does not damage the slabs. Cold 
weather concrete was mixed with 120° 150° water and the minimum 
temperature specifications were met with minimum air temperatures low 
zero 

Settlement Concrete Face During Construction.—The early construction 
face slabs subjects the slabs settlement during construction. The lower 
construction cost with this practical scheduling considered considerably 
more important than the reduction slab settlement delaying the pouring 
face slabs. The dumping the higher lifts causes settlement the upper 
that have been poured. However, the weight the new dumped fill 
the upper lifts does not have much effect the fill underlying the slabs below 
the upper slab, The slabs further the dam and away from the more rigid 
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abutment slabs are subjected the most construction settlement. the 
several months after slab poured, the top settles downward more than the 
bottom. fact, the bottom sometimes moves upward. This tends cause 
compressive stresses line the face and closing the soft horizontal 
joints. general, settlement during construction was nominal and cracks 
occurred the concrete face. Some the measurements that substantiate 
the above general comments will summarized briefly and separately for the 
wing and main sections the dam. Reference Fig. helpful see the 
stage construction, and the location settlement points the dam are 
shown the November isometric Fig. 11. Main Section construction 
settlement shown Fig. 15. The settlement the face slabs during con- 
struction Wishon greater than that Lower Bear River No. 1(10) due 
the difference scheduling and difference face slopes. 

Wing Section.—The wing section 1500 feet long and generally 100 
150 foot height. Settlement points are the corners each slab, except for 
those located feet from the cutoff line. The points feet from the cutoff 
line points) and the 6495 line points), about the center the face, 
were set September 1957. Two months later, October 30, readings were 
taken again. Fifteen feet fill and placed rock, and some concrete slabs, 
had been added, Fig. 11. The points feet from the cutoff line moved down- 
ward vertically from zero 0.04 feet. The points moved “upward” from 
0.00 0.06 feet and “upstream” 0.00 0.02 feet. Upward movement does 
actually occur. possible explanation that the top fill added, there 
upstream well downward movement the rock underlying the up- 
stream face, and since the face can’t move upstream and downward without 
high compressive stresses, resists and moves slightly upstream and up- 
ward. May 1958, 6.5 months later and just before filling the reser- 
voir, the S-points from Station had moved downward 0.04 
0.05 feet. During the same 6.5 months the B-points settled downward some 
0.02 0.06 feet. All the movements during construction were very small and 
caused cracks. 

Main data settlement the concrete face the main 
section during construction presented Fig. 15. During the two months 
September and October 1957, Fig. 11, 80-foot height rockfill was 
added the dam after the slabs between the and D-lines had been poured. 
the sections maximum settlement, Station 60, the point settled 
0.68 feet while the point settled 0.13 feet, Fig. 15. All settlement along the 
line was downward during this two months whereas the ends the line 
moved “upward”. The same characteristics may observed for the and 
lines between the readings October 30, 1957 and May 13, 1958. 


Wishon Crest Settlement 


Wishon dam was filled rapidly between May and May 27. Four readings, 
three increments, vertical crest settlement are plotted profile the 
dam along the axis, Fig. 15. There missing data both ends the dam 
because limited time available make complete check the survey 
data, the time completing this paper. 

December 13, 1957 April 21, 1958, Fig. 15.—All rockfill had been com- 
pleted December 13, 1957, Fig. 11, and the dam was being snowed in. Only 
few top slabs had been poured temporary crest settlement points were 
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set the crest record movement due aging the dam during the winter. 
April 21, 1958, 4.2 months later and just before construction the re- 
maining top slabs, the crest had been cleared snow and measurements 
were taken. During the 4.2 months the water level was 6380, which gave 
100 foot depth water the maximum section. This partial filling was 
keep the intake grizzly free from ice and should have had little effect the 
crest settlement. For the 4.2 months, maximum vertical settlement the 
wing section was 0.10 feet (158 ft. ht. axis) and the main section 0.32 
feet (260 ft. ht. 

May 13, 1958 May 26, 1958, Fig. 15.—During these days the reservoir 
filled feet from the crest, from water surface 6427 6541. Crest settle- 
ment between the above dates was 0.62 feet the maximum section. 

May 26, 1958 June 1958, Fig. 15.—The top feet the reservoir 
filled during the hours after the May 26, 1958 measurements. The settle- 
ment measured for this interval represents that due the application the 
last feet head and the first ten days full reservoir pressure, and 
maximum section was additional 0.69 feet. 

Settlement Due First Complete Filling.—The vertical crest settlement 
the maximum section, due the first complete filling plus days full 
reservoir, 1.31 feet 0.5% the 260-foot height axis. 

The main section was constructed from right leit abutment, which gives 
maximum settlement, during dumping, the fill the right abutment. The 
crest measurements indicate this true. The 170-foot high Station 
settled more than the 210-foot high Station 20. The construction settle- 
ment readings the and C-lines also show the same characteristic, Fig. 15. 

There cliff the foundation the dam near Station 40, Fig. 
and The effect the cliff settlement reflected the C-line readings, 
but not the readings for the higher and B-lines. The abrupt foundation 
contours not appear cause abrupt changes the higher portion the 
face, which favorable. The vertical settlement along the crest con- 
siderably smoother curve than the foundation profile under the crest. 

Opening and Closing Joints Crest.—Measurements across the joints 
the crest have been made every day (to 0.001 feet readings) since beginning 
filling, detect any sudden movement were occur and determine 
when the joints move. joint the wing section, Station 40, changed 
much 0.005 feet. the main section crest joint openings greater 
than 0.01 feet were: Station 90, 0.03 feet; 10, 0.03; 0.015; 40, 
0.025; 60, 0.015; 40, 0.04; and 00, 0.045. Between Station 
and 80, all joints closed slightly from 0.005 0.02 feet. These 
joints were constructed inch open allow for closing, VERTICAL JOINT 
DETAIL Fig. Joints did not change. The joint open- 
ings took place between May and while the reservoir level raised from 
6490 6530. and after the reservoir completed filling the opened joints 
began close gradually, much 0.01 feet. The closing joints took 
place later and more gradually than the opening, and all movement was one 
The joint movements are would predicted, and are favorably 

The timing and nature joint movements are consistent with previous 
measurements. The magnitude the movement the order the small 
movements Lower Bear River The opening joints near the 
top the dam and near the abutments occurs just before complete filling, 
when the major settlement normal the face the lower portion the dam 
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taking place. the reservoir completely fills and the crest completes its 
initial settlement, the crest length shortens. This tends close all joints, 
including those which previously opened. 
Data and discussion has been confined brief presentation the recent- 
acquired crest settlement data. There are bronze pins the corners 
each slab. The measurements determine the locations the pins space, 
joint opening and closing, and change length the slabs. The change 
length the slabs gives measure the stresses the slabs, and indi- 
cation the movement the rockfill under the slab. Points are also located 
the downstream dumped rock face. 


Courtright Dam 


The site for Courtright Dam narrow granite Upstream 

very favorable reservoir site for Sierra reservoir such high elevation, 
8188 feet.(2) The dam nine miles road from Wishon Dam, and located 
Helms Creek, tributary the North Fork the Kings. (2,8) Water re- 
leased from Courtright goes Wishon Reservoir. Annual carryover storage 
normally will stored Courtright, but the reservoir will nearly com- 
pletely drained following dry year. 

The Courtright damsite had narrow boulder filled gorge some feet 
deep, Fig. 16. The left abutment was massive granite with “onion skin” 
surface, Fig. and 21, and with talus small rocks and fines. The right 
abutment was blocky granite with jointing planes and had talus containing 
many large rocks, Fig. 18. The choice type dam narrowed down 
concrete arch and impervious face rockfill. Being good arch site automatic- 
ally eliminated concrete gravity type. There being impervious materials 
available eliminated consideration core rockfill type. The concrete face 
rockfill dam was adopted the basis estimated cost lower than 
that the concrete arch dam. Estimates were rather reliable since Wishon 
rockfill dam and the Monticello and Donnells arch dams had only recently 
been bid. The Courtright profile very similar Monticello and Donnells 
profiles. 

The design Courtright identical many respects that Wishon 
and will discussed only differs from Wishon. Comparative general 
data presented Table The data Courtright Dam Table differ- 
ent from previously published data. Between the 1957 and 1958 construction 
seasons was decided increase storage from 102,500 acre feet 123,300 
acre feet the Courtright site. 


Courtright Design 


Diversion Tunnel and Outlet Works.—The diversion tunnel located the 
massive granite the left abutment preference shorter tunnel the 
jointed rock the right abutment, Fig. 16. The alignment passes under the 
end the dam order permit the installation Stevens water surface 
detector inch drill hole from crest tunnel. The submerged tower 
similar that Wishon.(8) underground valve chamber, similar that 
Wishon,(8) houses inch butterfly valve and inch Howell-Bunger 
valve. The tunnel unlined for the full length. The sizes, Fig. 16, were de- 
termined permanent outlet requirements and not temporary diversion re- 
quirements, since the drainage area small and the design permits relatively 
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small flood flows pass through the partially completed rockfill. The valve 
chamber also contains foot diameter bypass with two gate valves for drain- 
ing the reservoir the unlikely event trouble with the main outlet. 

Spillway.—The right abutment quarry provides long open crest spillway 
that will pass 8000 cfs design flood with only feet depth and with the 
foot coping freeboard, Fig. 16. The unlined discharge channel designed 
carry increased flow the reservoir water surface encroaches upon the 
freeboard the coping wall. This gives additional security cost. The 
road located the spillway channel since reservoir operation such that 
spilling nearly always may prevented necessary. ungated spillway 
economic Courtright, whereas was not Wishon because the smaller 
spillway capacity and the lower incremental cost foot height dam 
the Courtright site. 

Cross Section.—The 1.4:1 control line for the downstream face slope inter- 
sects the upstream face slope the design crest elevation, Fig. 16. This 
means that nearly the full height the downstream slope will the natur- 
dumped slope. The crest width feet considered practicable mini- 
mum for construction and for such high dam. The foot crests Lower 
Bear River and Wishon were provide two-way roads and permit passage 
over the crest when maintenance equipment was parked the crest. These 
requirements were not imposed Courtright. 

Alignment.—The design axis the dam along segment 5000 foot 
radius curve design crest elevation. The layout the dam from chord, 
called the baseline, connecting the intersections the axis and the abutments. 
The vertical joints are planes perpendicular the baseline, Fig. 17. 
the crest the middle ordinate feet and horizontal joint 8030 feet. 
the lower area the face the predicted settlement will nearly change the 
moderate upstream arching straight line. the crest enough curvature 
will always remain give favorable appearance. The dam cambered 
with foot overbuild the maximum section. 

Streambed Cutoff Plug.—The streambed material consisted boulders 
tightly embedded sand and gravel. was considered suitable foundation 
for rockfill but was excavated provide cutoff for the dam. The stream- 
bed cutoff plug, Fig. 16, was designed shear plug with shear stress 
150 psi. Near the top the plug, stirrups were used. 

Cutoff and Grouting.—The left abutment presents cutoff grouting 
problems since the granite massive and without seams other than the “onion 
skin” near the surface, which was removed. The right abutment, with its deep 
jointing planes, requires special consideration and careful and thorough 
grouting program. 

Concrete Face.—The only difference from the face Wishon the joint 
arrangement, Fig. 17. The sloping joint used for the full perimeter ac- 
commodate the high differential movements that are anticipated due the 
steep abutments. The right abutment steep that several sloping joints 
have been used. Only short distance out the face from the right abutment 
cliff, the water pressure carried through long distance rockfill the 
foundation. High settlement will occur close the fixed and unyielding cutoff 
wall and the several hinged slabs should tend prevent cracks. Between the 
slab and its seat the cutoff, Fig. 2-inch strip styrofoam used for 
the full length cutoff wall permit the slab move the cutoff line. 

The design, relates foundation excavation, can best reviewed 
along with comments construction. The dumped and placed rockfill 
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specifications and methods are the same except that sluicing water 
rock volume ratio 2:1 rather than 3:1. This change from Wishon was made 
since clean rock was expected and there not quite enough summer water 
supply Courtright, for the 3:1 ratio, without recirculating. 


Courtright Construction 


nine-mile road was constructed from Wishon Dam the Courtright dam- 
site late 1955. The contract for the dam was awarded Morrison-Walsh- 
Perini December 1955. four months 1956, July through October, con- 
struction consisted clearing, diversion tunnel, streambed plug, excavation, 
cutoff and opening quarry. asphalt paving the road 1956, and keeping 
snow-plowed during the winter, early start May 1957 gave longer 
than normal construction season 1957. Six months construction 1957 
brought the dam the stage shown Figs. 19B and 21. Due very heavy 
snows the winter 1957, construction was not underway until early June 
1958, and then six eight feet snow. With favorable weather the 
end the 1958 construction season, may expected that the dam will 
completed 1958. 

Since Wishon and Courtright are located near each other and were under 
construction the same time, the prior published articles construction 
cover the two dams 

Foundation Though the Courtright site primarily exposed 
granite, there was substantial amount talus and streambed deposit. 
the left abutment there was talus small rocks and fines that was removed. 
The streambed boulders and gravels were left place except for the exca- 
vation for the streambed plug and several sandbars. The very substantial 
volume talus the right abutment, Fig. 18, required special consideration. 
was considered that this talus probably would good rockfill and 
the cost removing and replacing with rockfill could avoided. Five 
drill holes indicated the depth talus feet and the composition 
rocks and earth. The major portion the talus was downstream from 
the axis the dam. was decided leave the talus place subject to: 


(a) Excavation the talus 150 feet downstream from the cutoff as- 
sure knowledge conditions underlying the lower half the concrete 
face. 

(b) reconsider leaving the talus place after seeing the excavation 
(a). 

(c) hydraulic monitor the surface areas fines the talus slope 
bid price per 

explore and remove some fines from the top the talus slope 
when the first dumped fill lift provided access the top the talus. 


Except for the arbitrary excavation (a) and some pockets fines (d) the 
talus remained the 

suggested lift arrangement with face lifts, similar Fig. was includ- 
the bidders’ set drawings. The contractor, Morrison-Walsh-Perini, 
improved the suggested arrangement ramping access roads the face 
lifts within the rockfill avoid the cost excavating haul roads the solid 
rock abutments. The actual arrangement illustrated the isometrics 
Fig. and photos Figs. and 21. common point each view 
circled. Fig. shows the stage construction August when the 
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FIG, RIVER PROJECT, NEW LIFT HAS BEEN STARTED THE BACK- 
GROUND THE CONSTRUCTION COURTRIGHT DAM, THE CUTOFF 
TRENCH CARVED INTO THE LEFT ABUTMENT BEYOND THE CRANE 
NEAR THE EDGE THE BACKGROUND INDICATES THE 
HEIGHT STILL REACHED 


FIG, 
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dumped rockfill was rising spiral and ramping was downward the face 
lifts. Fig. 19A, October shows access face lift from the left abutment 
while the right abutment access being established. Figs. 19B and 21, 
November show the stage construction the same day isometric and 
photograph. Access the face lifts possible from the right abutment 
access All the ramping within the final cross-section the dam. 
The 317-foot rockfill dam constructed from four haul roads; one near 
streambed level, one each abutment intermediate levels, and one the 
crest. Two quarries were used, one each abutment. 


CONCLUSION 


The design included number features reduce costs over previous de- 
signs, and make the construction these dams continuous and straight- 
forward production job. Economies beyond the design changes have been made 
the contractor for both dams. Their effective use face lifts, methods 
supplying and handling placed rock, use exceptionally large placed rock, and 
overall job planning has kept their costs down and brought both dams well 
ahead schedule. 

Features were incorporated the design and construction the placed 
rock and concrete face, effect substantial savings cost, that knowingly 
subjected the face some possible cracking. Observations, during and after 
construction, indicated that cracks occurred and that settlement during con- 
struction was nominal. The concrete face and placed rock may considered 
the impervious membrane for the dam, and are treated detail this 
paper. However, the most important and main structural element the dam 
the well sluiced dumped rockfill. 

Careful measurements are being kept the movements both dams and 
should contribute future dams greater height, still lower costs, and 
unquestioned safety. 


ORGANIZATION 


Engineering was under the direction Walter Dreyer, vice president and 
chief engineer Pacific Gas and Electric Company, and Lutge, then 
chief civil engineer. Steele was consulting engineer. The experience 
Corwin, supervising civil engineer, has been particularly helpful. The 
who have been engaged with him the engineering studies and design. The 
help the review this paper Walter Dreyer and Worthington, 
chief civil engineer, gratefully acknowledged. 

Construction under the direction Swank, vice president charge 
general construction, and Haberkorn, manager hydroelectric con- 
struction. Joe Pirtz, Jr. project superintendent and George Thacher, 
project engineer. 

The contractor for both dams Morrison-Walsh-Perini, sponsored 
Morrison-Knudsen Company and represented Jim Wells, vice president. 

Perkins project manager and John Erdle project engineer. 
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DISCUSSION 


G.I. ASCE.—The details design the Wishon and Court- 
right Dams they compare with the Salt Springs and Lower Bear River Dams 
reveal that great deal more attention has been given the details con- 
struction operations that savings can effected design particularly 
relation side slopes and facing rock. seems that the thickness placed 
rock has been dictated construction reasons rather than design, that 
ample width facilitated dumping methods. 


Cons. Engr., Guiteridge, Haskins Davey, Sydney, Australia. 


620 DAVEY WISHON AND COURTRIGHT 


may interest consider two dams built during 1957 Australia, 
one Mount Isa, Queensland, the Leichhardt River and the other Mary 
Kathleen the Corella River. The dams are very similar construction 
and similar river systems, about fifty miles apart. 

The dams were constructed for water supply purposes, areas where the 
rainfall seasonal and averages about fourteen inches. Evaporation high 
and totals about nine feet per annum. Good run-off from the catchment areas 
dependent short period intensive rains which will give run-off. 

Details the dimensions are set out Table 

should noted that the height these dams was limited the structure 
the river valleys and they could not substantially higher. 


TABLE 


Catchment Area 140 sq. miles sq. miles 
Storage 10,600 61,000 ac. ft. 
Estimated maximum flood discharge 30,000 cusecs 60,000 cusecs 
Nature of rock foundation Silicified limestone Quartzite 


Spillway construction Side cut with auto- Side cut with concrete 
matic gates sill 


Length crest 4gor 
Side Slopes 


Facing 
Placed rock 


Facing 
"Gunite" 


Leichhardt River Dam 


The dam sited solid rock where the Leichhardt River breaks through 
quartzite ridge. The body quartzite flanked silicified shales. 

diversion works were provided. The risk flooding out season 
rainfall was covered insurance. 

spillway was excavated the northern bank from which some 100,000 
cubic yards rock were obtained for dam construction and 100,000 cubic 
yards dumped waste. The balance fill required for the dam was quarried 
from the quartzite masses adjacent the dam site. The site was closely 
drilled and grouted depth 30' and very little grout was injected. 

Construction was carried out dumping from yard trucks loaded 
2-1/2 yd. shovels the quarries. The fills were limited maximum 30' 
and generally lesser heights were used. Dumping was controlled ensure 
maintenance the designed slope lines. The fill was constantly trimmed and 
traversed heavy bulldozer. The face each dumping point was kept wet 
constant hosing using nozzle 100 p.s.i. Each truck delivering rock 
the fill paused route under diameter nozzle that the contents the 


SITE CORELLA RIVER LEICHHARD RIVER 
U.S. isl isk 
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dumped the wet rocks with water slid down the wetted face the fill, tended 
drag the fill down and maintained velocity falling the bottom. 

This method watering was adopted the first case because the diffi- 
culty obtaining sufficient water. The Leichhardt River dry almost the 
whole year and the only water available was small water hole immediately 
downstream the dam site. The water pumped from this hole and used 
facilitating consolidation was drained back into the water hole and recirculat- 
ed. The method filling trucks with water was continued when the excellent 
consolidation results obtained were noted. 

There has been measurable settlement the fill since was complet- 
ed. Certainly the dam has not yet filled because low rainfall and run-off 
though has some forty feet water. 

The calculated voids the dam amount 30% the total volume. 

The dam was faced selecting stones from the fill and packing place 
hand for thickness about 2'. This surface was then covered with 
lean (10:1) sand-cement mixture using cement gun. this surface form- 
work and scaffolds were set and panels reinforcing mesh placed. The 
forming held dumb-bell type rubber jointing strips surrounding each panel, 
which was approximately 30' square. The surface sand-cement mixture (3:1) 
was then placed cement gun, the thickness varying from 4". After 
placing the surface was sprayed with curing wax covered with sheets 
hessian and kept damp for three weeks. 

Some fin cracks have appeared the surfacing where exposed the air 
but they are unlikely allow leakage. 

The dam has performed very satisfactorily date and there evidence 


leakage. 


Corella River Dam 


truck were wetted and the voids the truck body filled with water. When 


The site solid rock, and was drilled and grouted. Very little grout 
could injected depth 30'. (It has been found subsequent drilling 
that isolated cavities occurred the silicified limestone and additional 
grouting has been carried out). 


Again, diversion works were constructed the river bed dry except 
times rain, and was proposed construct the dam the period be- 
tween June and November when rain rarely falls. 

Again, spillway was excavated, the southern bank and the whole the 
material required for the construction the dam was obtained from the cut. 
The total excavation was 100,000 cubic yards and the fill the dam was 
110,000 cubic yards. 

The fill was made dumping from yd. trucks loaded yd. 
shovel. The maximum depth fill any one time was 30' but generally 20' 
was The dumping was done with care maintain the designed slopes, 
and the procedure was exactly described for the Leichhardt River dam 
except that the rock was sluiced was dumped from the truck and the 
dump using two 1-1/2" nozzles. Generally the quantity water was equal 
twice the rock volume. Water for sluicing was obtained from large water 
hole immediately upstream the dam site. The trucks were not filled with 
water, Leichhardt River Dam, until the fill was almost finished, when 
the idea filling the truck was developed. 

The voids the fill were calculated 32% the total volume. 
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KARL Hon. ASCE.—Mr. Cooke’s paper the Wishon and 
Courtright Dams outstanding contribution the symposium because 
contains vast amount specific and reliable information concerning ex- 
pertly designed and constructed rockfill dams. The following discussion will 
limited the topic illustrated Fig. the paper. The figure illus- 
trates three stages the development the design the cutoff for rockfill 
dams rock foundation. The development took place during period 
about yr. 

order establish rational basis for comparing the relative merits 
the three types design shown the aforementioned Fig. the functions 
the cutoff must considered. These are illustrated the writer’s Fig. 
representing idealized vertical section through jointed rock and con- 
crete cutoff. The rock assumed contain three sets joints intersecting 
each other right angles. each set the spacing the joints and the 
width the joints 

the concrete cutoff not supplemented grout curtain the water 
would enter the joint system and discharge into the base the rockfill 
the roof each horizontal joint acted upon the seepage pressure 
the percolating water which tends lift the blocks located between the 
vertical joints off their seat. This danger can eliminated completely 
covering the exit area with graded transition layer. the size the par- 
ticles resting directly the rock surface equal smaller than the size 
the blocks between joints, the blocks between joints cannot rise. Therefore 
the cutoff serves only the purpose reducing the seepage losses tolera- 
ble value. These losses can estimated the following reasoning. 

According the laws the laminar flow water through slit-shaped 
conduit with width (in cm) the quantity water which flows through the 
conduit per unit breadth 


wherein the hydraulic gradient, denotes the unit weight water and 
coefficient viscosity the water. 

The water percolates through the joint system shown Fig. through two 
sets joints right angles the third one. The rate seepage through 
portion section parallel this third set equal the rate see- 
page per unit breadth the joints crossing the area multiplied the 


Civ. Engrg., Sciences, Harvard Cambridge, Mass, 


TERZAGHI WISHON AND COURTRIGHT 623 


total length the lines intersection between area and the joints. 
area has the shape square B2/D. Therefore the seepage 
through area 


The coefficient 
represents the coefficient permeability the jointed rock. Substituting 


Reservoir 


X 


FIG, 


60° F), 


The coefficient (cm per sec) sand with effective 
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jointed rock approximately equal that sand with effective grainsize 


the joints rock are 0.01 wide and are spaced distances 
10cm (=D), the rock has the permeability sand with effective grainsize 
0.004 which that fine, silty sand. known the loss water 
seepage through jointed rock around cutoff, unsupplemented grout 
curtain, can computed the cutoff has been established sand with 
the same coefficient permeability. 

accurate evaluation Eq. impracticable, but also unnecessary. 
The spacing contained the equation can assumed equal the average 
length the intact core sections recovered from diamond drillholes. Infor- 
mation concerning the width the joints obtained from visual inspection 
rock outcrops. Noticeable water loss from drill holes indicates the 
presence joints which are wide that they can reliably grouted. 

Beneath valleys cut into bedrock the average spacing between joints 
commonly increases and their width decreases with increasing depth below 
the surface. This the result the stress relaxation associated with the re- 
moval, erosion, the rock which formerly occupied the valley. Below 
depth 100 ft. 200 most the joints are likely closed. However 
pendent depth, unless the boring records indicate conspicuous derivation 
from this rule. 

Returning the cutoff, has been shown the outset that the sole pur- 
pose cutoff along the lower edge the upstream face rockfill dam 
consists reducing the loss water due percolation through the joints 
the rock tolerable value. order accomplish minimum ex- 
pense, the rock conditions must considered. this connection distinction 
must made between three principal categories rock: 


Sound rock, joints wider than 0.1 mm, 
Sound rock, joints narrower than 0.1 mm, and 
Sound rock with weathered top layer. 


the joints are wider than 0.1 (case the rock can reliably 
grouted. this case the most economical procedure for intercepting the flow 
seepage would eliminate the concrete cutoff, Fig. 22, establish 
the foot wall the cleaned surface the sound rock and grout the rock 
beneath the wall. order increase the pressure under which the grout can 
safely forced into the joints the wall could anchored its base rock 
bolts. Blasting cutoff trench and backfilling with concrete would far 
more expensive and the blasting operations may even damage the rock. 

the joints sound rock are narrower than 0.1 cement grout does 
not enter them. this case cutoff wall depth shown Fig. 22, re- 
duces the loss water increasing the length the path percolation 
However the theory seepage through permeable materials shows that 
cutoff with depth has more effect the loss water than blanket 
with width 2L. Hence the beneficial effects the cutoff can also ob- 
tained, lesser expense, covering the rock surface the upstream side 
the foot wall distance from the wall with impervious blanket. 
order plug those among the joints depths which are wider than 0.1 
the rock beneath the wall Fig. 22, should grouted. 


Ft 
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If, wherever, the uppermost layer the rock weathered, cutoff 
trench should excavated the depth which can done without blast- 
ing and backfilled with concrete. Below this depth the rock should grouted. 
Experience has shown that the width the joints greatest atthe boundary 
between the sound and the weathered rock. Therefore grouting can ex- 
pected effective. 

Considering the facts set forth the preceding paragraphs rather. 
difficult understand how the brutal practice blasting cutoff trench out 
sound rock came into existence. may vestige the days when the 
technique rock grouting was still unknown. 


BARRY ASCE.—Mr. Davey has presented data two 
economical gunite face rockfill dams. Mr. Terzaghi has given rational dis- 
cussion the functions the cutoff concrete face rockfill dam and has 
suggested further economy. The paper and the two discussions emphasize the 
particular importance and possibility practical and economic construction 
this type dam. 

The recently constructed 75-ft high Corella River Dam and the 87-ft high 
Leichard River Dam, described Mr. Davey, are particularly economical. 
The 1.25 (horizontal vertical) slopes, thick placed rock and 
thin gunite membranes are practicable and certainly very safe for this height 
dam. The Upper Bear River Dam and Meadow Lake Dam, this 
symposium, with steeper slopes (0.5 and 0.75 1), and less competent 
rockfill are both good health they approach age. Though the very 
steep slopes are neither economical nor recommended today, the experience 
testifies the substantial safety the more conservatively sloped dams 


today’s design and construction standards. 


The sluicing nozzles plus watering the loads the truck beds, 
though suitable for the 30-ft lifts and for the low dams, would not considered 
the author suitable for higher lifts higher dams. The excavation 
pockets spalls that accumulate the top high lifts considered re- 
quire jets 2-1/2 in. diameter. interesting note that with care 
dumping, the 1.25 slope was maintained the 20-ft 30-ft high lifts. 
Courtright Dam slopes were equally steep where the low topping lifts were 
used the top the dam. The slopes stations were, reiation 
tolvertical: 1.25, 1.27, 1.25, 1.15, 1.15, 1.11, 1.19, 1.23, 1.12, 1.21, and 1.19. 
the slope below the crest elevation, the slopes were: 1.37, 
1.36, 1.37, 1.17, 1.27, 1.20, 1.34, 1.40, and 1.25. 

Mr. Terzaghi has carefully reviewed the functioning the cutoff for the 
impervious face rockfill type dam. His conclusions, with which the author 
agreement, are: the function the cutoff isto reduce seepage leak- 
age loss and does not involve safety this type dam; cutoff trench exca- 
vation very expensive and, even when done with care, canfracture and loosen 
adjacent rock; grouting provides effective and economical cutoff curtain; 
and suitable and economical cutoff can obtained grouting under 
rock-anchored slab. 


Super, Civ, Engr., Pacific Gas and Elec, San Francisco, Calif, 


“Rockfill Dams: Salt Springs and Lower Bear River Concrete Face 


Steele and Cooke, Transactions, Vol, 125, Part 
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Mr. Terzaghi mentions downstream fromthe cutoff which 
would prevent foundation rock from rising. The placed rock with chinked voids 
serves this purpose the contact placed rock and foundation. Conditions 
are such that the surface foundation rock downstream from the cutoff should 
not rise increase seepage and could not rise cause blowout under the 
cutoff. substantial distance downstream from the axis the downward 
pressure the self-draining rockfill the foundation exceeds 100% uplift. 

The trend shallower cutoff walls for Pacific Gas and Electric Company 
dams has been due the high cost and the feeling that depth does little de- 
crease seepage and improve safety. excavate narrow trench requires 
drill holes 9-in. 12-in. spacing, about drill hole per cubic yard 
excavation and expensive handling muck. jointed rock the loosening 
the rock the walls requires going greater depth meet design re- 
quirement specified depth with competent walls. excavated and concrete 
backfilled cutoff very expensive compared grout curtain. 

Mr. Terzaghi emphasizes the effectiveness grouting. the cutoffs 
the company’s recent dams, grout pipes have been angled the cutoff pour 
make the drill holes cross specific seams bedding planes addition pat- 
tern grouting. grout curtain under rock-anchored slab should provide 
safe, effective and economical cutoff. 


WISHON DAM 


Vertical crest settlement for the first after completion the rockfill 
shown detail Fig. 23. The reservoir operation also shown. The 
dashed line shows the crest profile designed and the line dated 12-13-57 
(December 13, 1957) shows the position the crest the day dumped rock- 
fill was completed. The actual crest was generally only one two-tenths 
foot lower than design elevation upon completion the rockfill. Between 
December 13, 1957 and April 13, 1958, while the fillaged for the first months 
with, essentially, empty reservoir, the movement was small (only 0.10 
the 150-ft high Station 7+80 and 0.32 the 249-ft high Station 21+60). The 
major portion settlement took place between 5-13-58 (May 13) and 6-4-58 
(June 4), which period included the days rapid filling and the first days 
full reservoir. The next reading was 7-28-58 (July 28), days later and 
about months after the reservoir was full. The 7-28-58 reading the last 
one plotted the form profile because the settlement has been small 
since that time. The tabulation shows six readings between 7-28-58 and 12-3- 
(December 3), which record very small movements during and months 
when the reservoir operation was shown Fig. 23. Between 12-16-58 (Dec. 
16) and 4-15-59 (April 15), while the reservoir level went down, the crest 
“raised” 0.01 0.02 and only the crest settlement points did 
the points downward slightly. 

The tabulation Fig. 23, addition all the crest readings vertical 
settlement, shows the height each section and the settlement, percentage 
height, for each section. The percentage height figure based the 
12-3-59 (Dec. reading which and months after the reservoir was 
first filled. The settlement the maximum section the wing section, Station 
7+80, 0.39% the height 0.58 ft. The settlement the maximum section 
the main section, Station 22+20 0.69% the height, 1.77 ft. This 
consistent with measurements settlement other well constructed dumped 
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rockfill dams. The settlement sections other than these two highest and 
central sections influenced the steepness the abutments and the 
foundation contours and, seen Fig. 22, the settlement expressed per- 
centage height axis varies between 0.07% and 0.83%. 

Fig. shows profiles vertical and horizontal components crest settle- 
ment along with foundation profiles. The settlement plotted relative toa 
straight line datum which shows the smoothness the settlement compared 
the irregular foundation. The irregular lines Fig. due the distorted 
scale and the plotting actual elevations the points. 

interest see that the horizontal movements points the 150-ft 
high wing section exceed the vertical movements, whereas the opposite 
the central portion the 250-ft high main section. typical concrete 
face dam movement, the ratio horizontal component vertical component 
settlement crest point increases points are taken for sections from 
the center each abutment. For example, the ratio 0.86 Sta. 21+00 and 
2.00 Sta. 30+00. The influence crest settlement the very irregular 
foundation the vicinity Stations 18+00 and 21+00is seen tobe rather small 
and not abrupt. 

Fig. gives all the vertical and horizontal movements, during the first 
year, points above the 1959 minimum reservoir level 6412 ft. Also shown 
Fig. are cross sections illustrating the settlement. The vertical move- 
ments the corners slabs are shown indicate the moderate offsets be- 
tween adjacent slabs. The offsets are 0.02 ft. maximum 
height section 22+20, the first year movement normal the face was 2.8 
elevation 6440 ft, little above the mid-height the dam. Station 19+80, 
the movement greater than Station 18+60 due the lower foundation pro- 
file downstream from the axis and due 19+80 being closer the center 
the main section. 

Table and Table give the opening and closing vertical and horizontal 
joints for the wing section and main section, respectively. The movements 
were very small. Where the joint opening smaller than noted the paper, 
because the joint has since closed slightly. All joint movements are seen 
smalland possible that the very large placed rock did not permit the 
joints actas might have and that the underlying fill hadgreater 
components movement planes parallel the face. 

Table for the wing section shows slight (0.01 ft) opening the crest A-line 
joints near the ends the wing section and slight closing (0.01 ft) the joints 
near the center. The B-line vertical joints generally opened 0.01 to0.02 be- 
fore filling the reservoir and then closed during reser- 
voir operation. The resultant only 0.01 opening closing 
shown the TOTAL. The opening between 9-1-57 (Sept. and 
the beginning filling 5-13-58 (May 13) was probably due shrinkage 
the slabs. The horizontal joint, B-line, was constructed with 3/4 in. redwood 
board and copper seal. closed from 0.01 0.02 ft. 

Table for the main section shows, for the crest A-line, the usual opening 
vertical joints near the ends the dam and closing near the center. The 
vertical joints the B-line generally did not move opened slightly before 
filling began 5-13-58 (May 13) and all closed (except Station 19+20) during 
first years operation the reservoir. The resultant movements vertical 
joints the B-line are all closing with greatest closures the central part 
the main section. For the C-line similar comments for B-line apply. 
The B-line and C-line horizontal joints all closed moderately, 0.01 0.02 
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TABLE AND HORIZONTAL JOINT MOVEMENTS— 
WING SECTION—WISHON DAM 


VERTICAL JOINTS - FT HORIZONTAL JOINTS - FT 
+) = Opening and (-) = Closing (+) = Opening and (-) = Closing 
A-LINE B-LINE B-LINE 
5-13-58 9-1-57 5-13-58 10-30-57 5-13-58 
To To To To To 

12-3-59 5-13-58 7-21-59 TOTAL 5-13-58 7-21-59 TOTAL 
+ .01 
3+60 + .O1 + .02 0 + .02 - .O1 - .01 - .02 
4+20 - - .01 - .O1 - .O1 
4+80 - .O1 - .01 - - 
5+40 - .01 - - .01 
6+00 - .O1 - .O1 0 - .O1 - .02 0 - .02 
6+60 0 + .O1 - .02 - .O1 - .01 - .01 
7+20 - .O1 - - .01 - .01 - .01 
7+80 - .O1 0 0 0 - .O1 - .01 
8+40 - - .O1 - .O1 
9+60 - .01 + .02 - .03 - .O1 0 - .02 - .02 
10+20 oO + .02 - .02 0 - .01 - .01 - .02 
10+80 0 - .02 
11+40 0 + .02 - .02 i!) - .02 
12+00 0 - .O1 - .O1 - .02 
12+60 + .O1 + .O1 i) - .02 - .02 
1320 + 0 0 - .O1 - .01 
13+80 + .02 - .01 + - - .01 
14+40 0 + .02 - .Ol + .O1 - .O1 
14+90 + .03 0 0 - .O1 


TABLE 4.—VERTICAL AND HORIZONTAL JOINT MOVEMENTS— 
MAIN SECTION—WISHON DAM 


VERTICAL JOINTS - FT HORIZONTAL JOINTS - FT 
+) = Opening and (-) Closin +) = Opening and (-) = Closin 
A-LINE B-LINE C-LINE B-LINE ~__C-LINE 
5-13-58 10-30-57 5-13-58 10-30-57) 5-13-58 5-13-58 10-30-57 5-13-58 
To To To To To To To To 
12-3-59 5-13-58 7-21-59 TOTAL 5-13-58 8-17-59 7-21-59 5-13-58 8-17-59 
15+10 + .02 - .03 - .03 - .O1 
15+60 + .01 - .01 - .02 - .O1 - .02 - .01 - .02 
16+20 0 - - .O1 - .O1 - .01 .O1 - .01 - .02 
16+80 0 - .02 - .O1 - .03 - .01 - .O1 .02 - .03 
17+40 + .01 + .01 .02 - .01 + - 
18+00 - .O1 - .O1 .02 0 > 
18+60 - .01 - .01 - .01 - .02 + .O1 - .02 - .O1 
19420 - .02 + .02 0 + - .02 
19+80 - .03 - .03 .02 - 02 - .Ol + - .03 - .02 
_20+40 - .01 - .01 - .01 + - .02 - - + .01 - .02 - 
21+60 - .O1 + .O1 - .03 - .02 - .O1 .02 - - .O1 + - .01 0 
22+20 - .03 - - .03 - .04 .02 - .02 + .O1 - .OL 
22480 - .02 + - .01 0 .02 - 02 .O1 - .O1 - .O1 
23-40 - .01 - .01 - .02 - .03 + .O1 .02 - - .01 - .01 
24+00 .02 + .03 - .02 - .O1 - Ol - .02 + .O1 - .O1 
24+60 - .O1 - .02 - .02 - .O1 - .01 - .02 - - .01 
25+20 + - .02 - .01 - .02 - 02 .02 .02 - .02 
25+80 + .O1 .02 - .O1 - .01 - 01 - .01 + .O1 - .01 
26+40 - .02 .02 - .01 - .01 - .02 - .02 - .03 - .03 
27400 + - .02 - .O1 .O1 - OL - .O1 .02 - .02 
27460 - + .02 - .02 - .O1 - - 
28+20 - .O1 - - .01 - OL - .O1 
28+80 - .O1 - .O1 - .O1 - .02 
29+40 + .02 + .01 - .02 - - .02 - .O1 + .O1 
+00 + .06 0 
30+60 + .O1 + 
31+20 + 
31+80 
32+40 + .01 
33400 + 
33440 + 
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with two 0.03 closures the C-line. These closures 1/2 the 
0.06 thick redwood board. The corner measurements Fig. show that 
the upper slab moves down toward the lower slab. 

Leakage from the left abutment Station 12+00 the wing section iso- 
lated from that from the rest the dam. reached peak 3.2 cfs for full 
reservoir and has steadily decreased. was 0.9 cfs for reservoir level 
6520 elevation, the maximum level reached 1959. October, 1959, when 
the face the wing section was exposed, cracks about 1/32 in., paralleling 
the abutment, were observed. They were chipped in. deep and 
primed and filled with Igas mastic prevent deterioration due frost action 
more than reduce seepage. 

Upon initial filling, leakage from the main section was excessive. The 
source leakage was located and underwater repairs were made prevent 
loss water. Some the sloping joints had failed, possible due con- 
struction cause. The details what actually occurred will known when the 
Wishon Dam unwatered through normal operation future year. 


COURTRIGHT DAM 


Courtright Dam was completed October, 1958, several months after the 
paper was written. 1959, the runoff was subnormal and the reservoir filled 
only two-thirds the height the dam. The available settlement data this 
time therefore limited. Fig. presents study construction settlement 
and the movement the dam due the partial filling 1959. 

shown the elevation and section dam Fig. 26, the top 
rockfill was dumped between 7-15-58 (July 15) and 9-15-58 (Sept. 15). The two 
profiles C-line vertical the maximum section showing settle- 
ment show the movements that took place during that period construction, 
and also some movement before and after that period. 

Vertical settlement C-line during construction (temporary points) Fig. 
gives the movement temporary points onthe placed rock behind the slabs 
C-line elevation. The readings are taken different days than the readings 
permanent points. The temporary point profile shown only confirm 
the permanent point readings that show such rapid movements during construc- 
tion. The movements will discussed with reference the permanent points. 

Vertical settlement C-line (permanent points) gives the move- 
ment each C-line point from the day the slab below C-line was poured 
11-20-59 (Nov. 20), about and months later. vertical settlement 
took place where the C-line was 220 above foundation during dumping 
rockfill above the C-line shown Fig. 26. This about 1.4%. The 
reason the movement, measured, greater Station 4+80, than the 
higher sections 5+40 6+00, that small fill shown above C-line was 
dumped before the measurements that are shown were started. the year and 
one month between the 10-7-58 (Oct. reading and the 11-20-59 (Nov. 20) 
reading, the maximum C-line movement was only 0.2 due aging the fill 
and the water rising 200 the 300-ft high dam and remaining there. This 
significantly low compared the 3-ft movement during construction. 
course, substantial future movement will take place when the reservoir 
first completely filled. 

Maximum section, station 5+40,—showing settlement gives the 
settlement from the day each slab was poured until the various dates shown. 
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DATUM ~- JULY 23 


VERTICAL SETTLEMENT C-LINE DURING CONSTRUCTION 
(TEMPORARY POINTS) 


DATUM FOR VERTICAL SETTLEMENT 
(ACTUAL ELEV. DAY SLAB WAS POURED) 


DISTANCE LINE 
ABOVE FOUNDATION 


VERTICAL SETTLEMENT C-LINE 


(PERMANENT POINTS) 


DATE SLAB WAS 
FILL CONSTRUCTED BETWEEN POURED AND 
7-15-58 AND 9-15-58 MEASURE MENTS 


WERE STARTED 


UMW 


AND 9-15-58 


RES. LEVEL 1959 


MAXIMUM SECTION SECTION OF DAM 
STA. 5+40 
SHOWING SETTLEMENT 


FIG, DATA—COURTRIGHT DAM 
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The reference line the design location the face and each row slabs was 
poured design position. settled, the placed rock was steepened 
return the design lines and the top the next row slabs was 
poured design grade. The bottom the new slab was poured the location 
the lower slab. The settlement points are the top each slab and record 
the complete movement the slab. While the C-point moved 2.6 during 
construction, the point lower the face moved only 0.8 and still 
lower the movement was only 0.4 ft. The distance between the reference line 
and the 10-7-58 line gives the total construction settlement from the time the 
slab was poured. The distance between the 10-7-58 (Oct. line and the 
11-20-59 (Nov. 20) line indicates the small settlements caused the first 
years aging and filling two-thirds the height the dam. 
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SYNOPSIS 


Described this paper are the problems pertaining the design 
450-foot high central core rockfill dam, Foundation excavation and prepara- 
tions for diversion are now under way. The Derbendi Khan project consists 
the rockfill storage dam, chute spillway, outlet works, and provisions for 
future powerhouse. Diversion the river was provided for two tunnels 
that will serve the permanent outlet works and powerhouse after construction. 

thorough field exploration and materials testing program provided 
sound basis for the selection and design the dam. Major problems were 
anticiapted and are being provided for result. 


GENERAL DESCRIPTION 


The Derbendi Khan rockfill dam located the Diyala-Sirwan River ap- 
proximately 230 kilometers northeast Baghdad, Iraq, and ten kilometers 
downstream from the confluence the Tanjero River. The project owned 
and will operated the Development Board the Government Iraq. 
The location the project and its drainage are shown Figure the 
Derbendi Khan site the river flows through three-kilometer long gorge 
the Baranand Dagh mountain range. This range part the northwest- 
southeast chain mountains forming the Persian arc. The site located 
about one kilometer above the downstream end the gorge. 

Note,—Published essentially printed here, August, 1958, the Journal the 


Power Division, Proceedings Paper 1741, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 


Pres., Harza Engrg. Co., Chicago, 
635 
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The primary function the Derbendi Khan dam will the storage and 
regulation the Diyala-Sirwan River for irrigation use. The greatest value 
and need for water Iraq for agricultural irrigation the fertile but dry 
plains the Tigris and Euphrates valley. Also the regulation the river and 
the head created the dam will make feasible the generation hydroelectric 
power Derbendi Khan secondary benefit the project. Some measure 
flood control will available Derbendi Khan, although not without slight 
reduction irrigation storage benefits. presently planned, the flood con- 
trol considered secondary importance. 

Above the dam site the Diyala-Sirwan River has drainage area about 
17,850 square kilometers (6900 square miles). The 30-year average annual 
flow passing the dam site 3.8 milliards cubic meters (3,100,000 acre- 
feet). The gross storage the Derbendi Khan dam 3.0 milliards (2,430,000 
acre-feet). typical hydrograph shown Figure The maximum flood 
record very close 4000 cubic meters per second (141,500 cfs). During 
the months January through May the river flows are generally excess 
200 cubic meters per second (7100 cfs). The flows from June through 
December are usually less than 100 cubic meters per second dropping less 
than cubic meters per second November and December. 

Figure plan the major structures the project. The rockfill 
dam extends from the left abutment across the river the right abutment, 
where the intake tower, guide wall, and the chute spillway are located. 

Two circular concrete-lined tunnels provide for diversion around the 
right end the dam. The tunnels are six meters (19.7 feet) and nine meters 
(29.5 feet) diameter and after they have served for diversion they will 
converted they may used for irrigation and power releases. This will 
accomplished extending shafts from the tunnels the intake tower 
upstream end the tunnel. the downstream end transition will placed 
and smaller diameter penstocks will branch off and connect with the outlet 
works and future powerhouse. Steel liner will used portions the six- 
meter and nine-meter tunnel and the penstocks. 

The hydraulic configuration intake tower, guide wall, and chute spillway 
was established the result model tests carried out the St. Anthony 
Falls Hydraulic Laboratory under the direction Dr. Lorenz Straub. 
Model studies the initial designs the intake tower and guide indicated 
minor disturbances the flow approaching the spillway. However, this was 
enough generate series wave patterns and led unstable flow condi- 
tions the chute. Alterations the guide wall, streamlining intake tower, 
and leveling the approach channel floor solved this problem. The bucket 
the downstream end the chute designed turn the water away from the 
slope and into the stream bed downstream from the concrete structures. 
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discharges the jet will land the stream bed about 150 meters 
downstream from the bucket. 

Three outlet valves the fixed-cone dispersion type, 2.438 meters (96 
inches) diameter, will used regulate the irrigation releases. The 
valves are hooded control the degree dispersion. 

Initial construction the power facilities limited pair 1000 kva 
generating units for operating the gate hoists, outlet valves, and other electri- 
cal equipment the dam and also supply the housing facilities for the opera- 
tional staff. The arrangement the outlet valves and the service generating 
unit such that two larger units with total capacity 37,000 can 
installed the future. 


Geology the Site 


The Derbendi Khan dam site situated where the Diyala-Sirwan River has 
cut deep gorge through northwest-southeast trending ridge known the 
Baranand Dagh. This ridge composed series thick beds sedimen- 
tary rocks including marls, sandstones, limestones, and conglomerate. De- 
posited over 100 million years ago, these materials have had varied geologic 
history. About ten million years ago the beds were compressed horizontal 
forces which folded them into series anticlinal ridges. 

The anticlinal ridges have great economic significance the Middle East, 
because their dome-like shape has served trap the tremendous oil resources 
that area. However, the Baranand Dagh anticline was cut the river and 
eroded, allowing the oil escape. the immediate vicinity the dam site, 
this history evidenced the presence bitumen, which impregnates some 
the formations. 

The geologic formations which occur the foundation area are 335- 
meter thickness bituminous marl, 200- 300-meter thickness 
complex, identified the Buff formation, and 
70- 150-meter thickness green varying soundness. Overlying 
the green fine grained, dense limestone, usually massively bedded. 
The dip the strata the dam site ranges from degrees over de- 
grees the downstream direction. 

The bituminous formation consists mainly calcareous shales with 
lenses calcareous sandstone and argillaceous limestone. The Buff forma- 
tion consists interbedded lenses limestone, shale, sandstone, and con- 
glomerate. The green formation consists calcareous shale, conglomer- 
ate, and interbedded lenses sandstone, shale, and limestone. All three 
formations can identified calcareous and the compaction type. Thus 
not uncommon encounter substantial areas and thicknesses which may 
disintegrate gradually when submerged water and then exposed the atmos- 
phere. The compressive strengths core samples indicated wide variation 

strength each formation. Table shows the test results and allowable 
bearing pressures. 

The dam site the downstream limb the anticline, where local 
cross-flexure has ruptured the strata. Approximately 200 meters down- 
stream from the toe the dam this cross-flexure passes into small fault 
which follows the river bed. This fault does not extend into the area the 
dam site and there are reasons believe active. 


DERBENDI KHAN 


TABLE FORMATIONS, TEST RESULTS 


Formation 


Upper Green Marls 


Lower Green Marls 


Buff 


Buff 


Buff 


Buff “A” 


Bituminous Marls 


AND ALLOWABLE BEARING PRESSURES 


Unconfined Com- Allowable Bearing 

pression Tests, Pressure, Tons 
Tons per per Square Foot 
Square Foot 


Compacted, calcar- Not used 
eous, clayey shale, foundation rock 
Shale, sandstone, and 
sandy 

Limestone, sandy 
limestone, sand 

stone, and shale, 

Nodular limestone 

with lenses shale 

and sandstone, 

Clayey and sandy 
shale, with beds 

nodular limestone, 

Calcareous sand- 
stone with conglo- 

merate lenses, 

Compacted calcar- 

eous and argillac- 

eous shale, with beds 

nodular limestone, 


Description 


FIG, LOOKING DOWNSTREAM DERBENDI KHAN PROJECT 


642 DERBENDI KHAN 


The gorge topography the Derbendi Khan site emphasized the near- 
vertical cliffs Qarah limestone, which form the top the gorge 
walls both abutments above the dam and spillway and can noted 
Figure From the foot the limestone cliffs talus slopes extend down 
the river banks. The talus has almost all areas weathered soil which 
supports sparse vegetation the extent permitted the semiarid climate. 

analysis the geologic and topographic conditions was the basis the 
final selection the axis the rockfill dam and spillway. the afore- 
mentioned succession formations, the bituminous under the up- 
stream half the rockfill dam and for slight distance under the core the 
river bed. The Buff formation general underlies the core, the upstream 
shell higher levels the abutments, and the entire downstream shell 
the dam, indicated Figure The intake tower also located within the 
Buff formation 20-meter thickness sandstone. The guide wall, spill- 
way ogee, and the upstream portion the spillway chute are located the 
marls and limestones the Buff formation. The downstream portion the 
spillway chute and the terminal bucket are located the more competent 
portions the green marl. 


dam 


LEGEND 
Bituminous 


Shales 


FIG, KHAN DAM, GEOLOGIC SECTION 


Sound rock line 
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the left abutment the overburden, formed the weathered talus, 
ranges depth from about two meters, the average depth being the 
order ten fifteen meters. The overburden consists usually debris 
from the Qarah limestone matrix clay. The limestone debris 
ranges from fragments few centimeters diameter blocks over five 
meters diameter, generally separated the clay matrix. its natural 
state the matrix dry and hard and the overburden, mass, relatively 
impermeable. 

the right abutment the overburden varies considerably character and 
thickness depending the underlying rock formation. the areas underlain 
the bituminous the overburden generally clay soil derived from 
the with isolated blocks limestone, less than one meter 
diameter. The overburden varies thickness from eight meters meters. 

the areas underlain the Buff formation the limestone debris from the 
overshadowing cliffs predominant, forming limestone talus which the 
interstices between the limestone particles are filled with clay and silt making 
the deposit relatively impermeable. The talus has maximum thickness 
approximately eight meters the base the slope. 

the area underlain the green formation, the overburden 
green residual clayey soil with isolated blocks limestone usually less than 
one meter diameter. This soil very plastic when and there evi- 
dence creep during the rainy season. Thickness estimated average 
eleven meters. 

the river channel the deposits consist primarily blocks limestone 
and other resistant rocks ranging seven meters diameter. Explora- 
tions indicate that the river deposits will not greater than few meters 


thick the average. 


Design Dam 


the preliminary studies the Derbendi Khan site considerations the 
various alternative types dam, which might suitable for the foundation 
conditions, were narrowed the studies rockfill and concrete gravity 
type dam. Comparative cost estimates tended favor the rockfill type, but 
area where price precedence had not been established previous con- 
struction, the magnitude the estimated cost difference was not sufficient 
warrant elimination concrete dam study. Accordingly the designs for the 
rockfill dam and the concrete gravity dam were carried along through the vari- 
ous preliminary stages including the preparation contract drawings and 
specifications for both. 

Tenders were published April 1955 for both rockfill dam and concrete 
gravity dam. The bids were received and opened August 31, 1955. After 
thoroughly analyzing, interpreting, comparing, and evaluating the complex 
pattern bids from six contracting combines, was found that the rockfill 
structure was nearly fifteen percent cheaper than the lowest bid for the con- 
crete gravity dam, representing savings approximately eight million 
dollars. This substantial differential favor the rockfill dam eliminated 
any further consideration the concrete gravity dam. 

During the preliminary studies the rockfill shell with impervious core 
type structure, conferences and consultations led the following con- 
clusions: 
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The unquestionable safety the dam utmost importance, hence 
the design should reflect reasonable degree conservatism. The principal 
factors dictating such caution were the height the dam, the heterogeneous 
nature the foundation materials, and the somewhat limited area strong 
rock, upon which construct the spillway. 

After consideration sloping core and central impervious core types 
rockfill dams, the central core type was selected. The reasons for this 
selection were based on: 

The low friction strength the available core material would neces- 
sitate flatter slopes for the upstream shell sloping core type dam than for 
central core type dam. Thus for given upstream slope the central core 
type had greater upstream stability. Flattening the upstream slope would 
increase the cost the intake structure and guide wall. 

order that the major portion the core contact with the Buff 
formation, only central core could adopted. 

The central core contact area with abutment greater than sloping 
core. Also the full weight the dam applied the contact area providing 
maximum safety against seepage. The pressure exerted along the foundation 
line sloping core considerably less. 

The above factors were very desirable more than 400-foot high rock- 
fill dam. 

Core side slopes about 0.3 horizontal 1.0 vertical were selected 
preference thicker sections. thicker core would require additional shell 
material provide equivalent factor safety against sliding under the 
condition sudden drawdown. 

The base the impervious core section and least the first finest 
the filter zones would carried sound and impervious rock throughout 
the entire foundation. 

Pending exposure the excavated foundation, the use small narrow 
cutoff trench excavated along the line the proposed grout curtain was con- 
sidered unnecessary; likewise, the pouring concrete cap provide some 
support against uplift grouting pressures during first stage grouting was 
deemed unnecessary. 

was agreed that the downstream stability section the dam would 
consist essentially dumped quarry-run rock with minimum average down- 
stream slopes 1.75 for the upper two thirds the slope and 2.0 1.0 
for the lower one third the downstream slope. was understood that the 
slopes would reviewed after stability computations the relative safety 
against sliding along the foundation were completed. 

The slope slopes the upstream section would determined 
stability calculations, such calculations take into account resistance 
sliding along the contact the rockfill shell and the shale foundation well 
sliding within the embankment shell. These computations were based 
use quarried rock stream bed snads and gravels for the shell material. 

The crest section wide dictated construction requirements. 


Starting with the previously described criteria the resulting rockfill sec- 
tion was analyzed for the following conditions: 


Case Construction condition: embankment completed maximum ele- 
vation 495 meters and water the reservoir. 

Case II. Construction condition: top embankment elevation 423 
meters required for diversion during the wet season, and with water 
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reservoir. 

Case III. Normal operating condition: reservoir water level top 
gates, elevation 485 meters. 

Case IV. Rapid drawdown: normal operating level elevation 485 meters 
drawdown maximum drawdown level elevation 434 meters. 

Case Normal operating condition: reservoir elevation 485 meters 
with the added forces due horizontal earthquake acceleration 0.10 
gravity. 

Case VI. Catastrophic flood condition: all gates raised and the reservoir 
level within 1.5 meters the top the embankment, poo! elevation 493.5 
meters. 


The maximum section the river and other critical sections the abut- 
ments were analyzed for stability. The analyses were made the “sliding 
wedge” and “slip-circle” methods. these two methods the “sliding wedge” 
analysis considered most applicable and will present more accurately the 
stability central core type rockfill dam. “slip-circle” analysis will 
give higher factor safety under similar loading conditions. This can 
explained noting that the slip-circle only passes through small portion 
the core material and thus does not reflect the effect the high pore pres- 
sures the core the stability the shell material. comparison 
Figures and will show that the “sliding-wedge” analysis takes into account 
the full effect the driving force created the pore pressures the core. 

The most critical situation was with loading Case with reservoir ele- 
vation 485 and earthquake acceleration equal 0.10 gravity, which in- 
stance the downstream slope when analyzed the sliding-wedge method 
showed minimum factor safety 1.22. Factors safety for the up- 
stream and downstream slope analyzed for various loading cases are tabu- 
lated Table Considering the extreme infrequency the loading defined 
Cases and the safety factor values 1.22 and 1.30, respectively, 
were considered acceptable. factor safety 1.47 for the downstream 
slope under normal operating conditions (loading Case III), may con- 
sidered index the reserve stability for normal operating conditions. 

After minor modifications foundation conditions, diversion require- 
ments, and the limitation set the appurtenant structures, the maximum 
section the river bed was established shown Figure 

The upstream shell and the impervious core excavation will carried 
down sound rock while the downstream shell will permitted rest 
slightly weathered rock. The exposed slopes overburden excavation will 
1.35 horizontal 1.0 vertical. minimize the excavation volume five- 
meter thickness overburden was permitted remain the left abutment 
near the top the dam. the dam built this area the overburden will 
removed permitting placement the fill sound rock. The excavation 
will carried out benches shown Figure 

Because some the areas were susceptible drying and checking 
when exposed the atmosphere for long periods time was specified that 
all foundations coated with bituminous sealer immediately after 
excavated grade. Area under the impervious rolled earth core 
treated with slush grout lieu the bituminous sealer. cases where 
the slope the foundation too steep for application slush grout the ex- 
posed rock will gunited minimum thickness fifteen millimeters. 
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TABLE 2,—DERBENDI KHAN PROJECT, STABILITY ANALYSIS, 
MAXIMUM SECTION RIVER 


SAFETY 
FACTOR 


UPSTREAM SLIP CIRCLE 2,21 
SLIDING WEDGE 
SLIP CIRCLE 1,82 
SLIDING WEDGE 


SLIP CIRCLE 


SLIDING WEDGE 
SLIDING WEDGE 
SLIDING WEDGE 
SLIDING WEDGE 


DOWNSTREAM 


1,47 
1,22 


Max. norma/ 
pool 
Flow Slope change 


Dumped 


Scale 


FIG, THROUGH KHAN DAM 


SLOPE LOADING CASE METHOD ANALY- 
SIS 
1,83 
1,30 
Top rock 
Sound rock curtain 
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FIG, ABUTMENT EXCAVATION, DERBENDI KHAN PROJECT 


facilitate construction the dumped rockfill shells, the exterior slopes 
may formed ten-meter benches shown Figure 10. The width 
these benches designed that the average slope, i.e. from the center 
center each bench, will equal the design slope. The slope between 
each bench will the natural dump slope 1.35 horizontal 1.0 vertical. 

provide maximum compaction the dumped rockfill shell the rock 
will end-dumped and sluiced with hydraulic monitors. The monitors will 
directed that fines are forced down into the voids between the larger 
rocks. This will reduce the voids and keep future settlements minimum. 
The ratio sluicing water volume rockfill specified three one. 
The lifts for end dumping are specified meters (100 feet) maximum and 
ten meters minimum. 

The transition from the fine core material the coarse rockfill speci- 
fied two stages the upstream side and three stages the downstream 
side. Each filter stage three meters wide permit placement end 
dumping from trucks and spreading layers mechanical methods. The 
filters are compacted along with core material and the same manner. 
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The core material placed 30-centimeter 15-centimeter layers 
and compacted with either rubber tired sheeps foot rollers, respectively. 
The moisture content controlled develop the maximum practicable 
density with four passes the compaction equipment. 

The grout curtain shown Figure 10. The deep cutoff grout curtain ex- 
tends from the left abutment the dam the spillway structure the right 
bank where connects with the grout curtain under the gallery the crest 
structure the spillway. The grout curtain terminates beyond the right end 
the spillway elevation 495.0 meters (the crest the dam). The stage 
grouting method zones will used develop the grout curtain. Each 
hole washed and pressure tested prior the introduction grout. 


Table shows the specified grouting criteria for each stage. each 


TABLE CRITERIA 


Design Spacing 
Meters 


1.0 1.60+ 
3.5 kg/cm? 1.60+ 
7.0 
6.50+ 


stage grouting completed the pressures for the succeeding stage may 
increased, Stage serves primarily low pressure, foundation consoli- 
dation operation. 

the foregoing tabulation Stages and III are further extensions for the 
grout holes started Stage Stage constitutes exploration and check 
extending approximately every fourth hole the Stage III pattern. Stage 
comprises random spaced check holes, primarily for further exploring leaky 
areas detected stage operations. 


Construction Materials 


Exploration for suitable construction materials revealed that soil suitable 
for use impervious core, quarriable rock for constructing the shells 
the dam and supply sand and gravel which could processed for use 
filter material were available within economic haul distances. The soil bor- 
row area located plateau approximately 1-1/4 kilometers from the dam 
site elevation about 400 meters above sea level. series test pits 
defined the soil profile having average ten centimeters topsoil 
below which there zone loamy sand averaging 0.6 0.8 meters 
thickness, which turn underlain third zone similar the loamy 
sand, except for the presence calcium carbonate nodules formed repre- 
cipitation the calcareous materials leeched from the overlying zones. Our 
present plans are use the second zone with average thickness 0.7 
meters. may well that after the borrow area opened some area the 
third zone may not have excessive percentage calcareous nodules. 
such the case, these materials may used for the impervious core. 


Stage Depth Meters Maximum Pressure 


ra} 
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Laboratory tests the impervious borrow material indicate that has 
natural moisture content percent. The moisture content does not appear 
decrease during the dry season. Laboratory compaction tests the bor- 
row material disclosed average optimum moisture content 14.5 percent 
and corresponding average dry density 116.5 pounds per cubic foot. Tri- 
axial tests the compacted borrow material were made and the results in- 
corporated the final design the dam. The results indicated that aver- 
age friction value thirteen degrees and cohesion 1.1 kg/square centimeter 
could used. Approximately percent the borrow material passed 200 
sieve and when compacted provided low coefficient impermeability. 
Further testing revealed that compaction material with moisture contents 
above optimum would result the development high pore pressures. 
Therefore, field moisture control must carefully followed and methods 
developed reduce the natural moisture content prior compaction the 
impervious core. 

The steep walls the Derbendi Khan gorge are favorable quarrying 
operations and quarries can easily developed either bank within kilo- 
meter the dam site. 

The Qarah limestone which forms the steep walls the gorge 
moderately hard, dense porous rock suitable for the shell rockfill dam 
or, when crushed, for concrete aggregate. test area the right bank was 
blasted explore the quarriability the material and the manner which 
would break when blasted. The results the test blasts were extremely 
satisfactory. Generally, the blast produced boulders larger than 0.2 cubic 
meters and retrievable sizes were well assorted from four centimeters. 
There were some slabby and splintery fragments the smaller sizes, but in- 
asmuch these fragments will settle into the voids between the larger blocks 
the percentage was not considered objectionable. Bonding surfaces were clean 
and rough and the amount fines was not excessive. Compression tests 
cores the Qarah limestone gave values the 800 900 kilogram 
per square centimeter (11,500 psi) range failure. 

Suitable sources gravel and sand are located the Diyala-Sirwan 
River with the major deposit approximately five kilometers upstream from 
the dam site. estimated that least four million cubic meters are 
readily available deposit several hundred meters wide and over kilo- 
meter long. This more than ample for use concrete aggregate and filter 
material. The deposits consist almost unstratified and practically uncon- 
solidated alluvial and talus materials derived mainly from limestone with 
some chert, basic igneous and metamorphic rocks. These materials contain 
some percent sand with grading reasonably satisfactory for use con- 


crete,but will require washing since the proportion clay and silt fairly 
high. 


Construction 


Major construction started February 1956. The initial operations were 
completion the access roads, construction plant excavation 
and completion the diversion facilities. 


Some the basic unit bid prices for construction the time award are 
listed below: 


DERBENDI KHAN 


TABLE 3,—SIGNIFICANT DATA, DERBENDI KHAN ROCKFILL DAM 


Drainage Area 17850 6883 miles 


Maximum Height Dam 135 443 
Width Base 513 1684 
Crest Length 445 1460 


Total Volume Fill 7,000,000 9,156,000 


Material Characteristics 


Impervious Core, 13°, Cohesion 1,1 kg/sq 
Dumped Rockfill, 38° 


FIG, 11.—MODEL COMPLETED DERBENDI KHAN PROJECT 
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Item Unit Price/cubic meter 
Rockfill $1.75 
Filters $4.80 
Core Material $1.75 
Open Common $0.65 
Excavation 
Open Rock $2.30 
Concrete (Including Cement, 
Forms, and Reinforcement) $30.00 (Average All Classes) 


The initial diversion scheme planned the use low cofferdam 
(incorporated the upstream shell with impervious blanket) for dry 
season closure. This plan provided sufficient time construct the upstream 
shell and central core elevation 425 meters with sufficient downstream 
shell for stability. Thus, this scheme the main core would serve the 
wet season cofferdam and enable flows 1600 cubic meters per second 
pass through the two diversion tunnels. Including the effect storage up- 
stream the cofferdam, floods 2600 cubic meters per second could 
handled without overtopping. 

However, construction difficulties delayed the start diversion and the 
initial wet season cofferdam scheme was modified. The present cofferdam 
scheme shown Figure 10. The effect the modification was reduce 


the amount material placed prior wet season diversion and thus 
minimize the delays. 


SUMMARY 


tabulation the salient features the Derbendi Khan project given 
Table photograph model showing the completed project shown 
Figure 11, The model indicates the anticipated extent the excavation 
above the dam. 

The Development Board Iraq through their First Technical Section 
have administrated the development the Derbendi Khan project. 

The dam under construction the Derbendi Khan Contractors, joint 
venture headed the Jones Construction Company Charlotte, North 
Carolina. The hydraulic model studies the spillway and outlet works were 
performed Dr. Lorenz Straub, ASCE, the St. Anthony Falls Lab- 
oratory the University Minnesota. Steele served Consultant 
the foundation and rockfill dam design. Mr. Griffiths, Affiliate Mem- 
ber ASCE, serving Resident Engineer the project. Mr. Roberts, 
ASCE, served the Project Manager early stages design. Mr. 
Beck, ASCE, presently serving Project Manager. 
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DISCUSSION 


SAKURAI. writer has read the author’s paper with particular 
interest since engaged the Makio Dam, similar type and magnitude 
Derbendi Khan Dam. The writer will summarize the site conditions and 
the solutions 

Makio Dam multi-purpose project located the Otaki River, near 
Nagoya, Japan. The dam thin central core and alluvial-rockfill shell 
type, 350 foot height, shown Fig. 12. Construction began late 1957, 
embankment construction will begin July 1959, and completion sched- 
uled December 1960. 


Geology 


The formation consists strata sandstone, slate and chert Paleozaic, 
and diabase inserted some slate. The strike general up-downstream 
direction and dip 30° 70°. There fault the center the river and 
several smaller faults crushed material and clay, and Fig. 12(c). 
There are four steps, each several meters thick, terrace materials ande- 
site and granite sands and gravels. The river bed deposit meters thick 
with extensive boulders near the ground surface and more sands than gravel 
the bottom. Nearly 100% gas and little gas emitted the 
site and ground waters contain free nearly saturated condition, 
O2, and Alo dissolved from the rocks. Gas and low 
pressure springs are general the area. 

pervious saddle near the damsite, consisting ancient channel 
alluvium, volcanic ash and pumice, was thoroughly investigated and accepted. 


Construction Materials 


Materials conveniently available for embankment construction are: rock 
from spillway excavation (sandstone); transition material well graded sand- 
gravel-cobble-boulder alluvium; core material from downstream river 
terraces thick) volcanic ash and breccia andesite, chert, slate, 
sandstone, etc., and filter material from selective borrowing the above 
alluvium deposits. 


Dir., Aichi Irrigation Public Corp., Nagoya, Japan. 
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Core Material 


The core material unusual and special interest. Grains size less 
than consist volcanic ashes and small amount flakes breccia 
and small pieces pumice talus. Classification sandy loam and color 
yellowish brown. Specific gravity 2.7 2.8 and grading 15% Clay 
0.005 mm), 34% silts (0.005 0.05 mm), 35% fine sands (0.05 
0.25 mm), 25%, coarse sands, and 10% gravels. Natural dry density 
1.0 1.1 (63 ft) for material under 4.8 grain size 
and natural moisture content ratio 60%. With samples including 150 parti- 
cles moisture content 35%. The liquid limit 70%, plastic limit 
50%. However, special liquid limit 120% was observed. Clayey miner- 
alogical analysis indicated small hydrated halloysite content which causes 
the phenomena “Thixotropy”. 

The following properties are based tests material under grain 
size: dry density 1.2 1.5 (JIS Compaction) (75 ft); direct 
shear angle internal friction 10° 25°; cohesion 0.3 1.0 kg/cm2 (4.3 
in); and coefficient permeability cm/sec. Tests material 
indicate dry density 1.5 1.9 (Modified AASHO) (94 118 

diameter. 

Porosity compacted soils 40%, compared 60% natural con- 
dition. Test fills resulted dry densities 1.6 1.7 ton/m3 (100 106 
for sheeps foot roller (27.9 kg/cm2 pressure), and 1.5 1.6 

(94 100 for pneumatic tire roller. Density did not increase with in- 
creased number passes for this material with higher than optimum 


moisture content. Permeability for field density was 4.0 10-5 10-6 
cm/sec. 


Selection Type 
central core design, Fig. 12(a), was adopted for the following reasons: 


due differential deformation the embankment, resulting from the 
steep topography and non-uniform foundation support. 
inclined core, placed the relatively high moisture content 
necessary because prevailing weather conditions, would constitute 
zone relatively low shear strength the position potential 
slide plane, and thus decrease the stability the upstream slope. 
The topography the site establishes highly desirable locations for the 
upstream tunnel portals and for the crest the dam. The space be- 
tween these two locations insufficient for sloping core design. 


General Design Considerations 


The impervious core has slopes minimize the amount core 
material placed, since weather conditions suitable for moisture- 
controlled earth fill operations will limited about 100 days per year. 
During construction, lateral drainage the outer slopes the narrow core 
will prevent the occurrence excessive pore pressure, even though the 
material placed the upper limit workable moisture content. 


q 
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TABLE DAM, DESIGN DATA FOR STABILITY ANALYSIS 


Zone and 
Material 


Dry Density 


Sand 
Foundation 


tons per 1,70 
Moisture Content 

Wet Weight 

Placed 
Saturated Weight 
Cohesion 
Value 

degrees 


Value 


(Acting Horizontally) 


TABLE 6.—MAKIO DAM STABILITY ANALYSIS 


UPSTREAM SLOPE 


DOWNSTREAM SLOPE 


¥ 
| q 
Pool, Elevation, Safety Factor 
meters 
840 1,42 
840 
860 
880 1,45 
880 1.61 
880 1,40 
880 1,52 
880 1,48 
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Design Data and Analysis 


The design data and the results the stability analysis are presented 
Tables and The adopted design constants are based laboratory tests 
made the Aichi Corporation and tests similar materials made the 
Bureau Reclamation, the Corps Engineers, and Electricite 
France. The use comparative results similar materials was neces- 
sary since Aichi Corporation did not have shear test equipment suitable use 
with the materials Makio—all which have large percentages coarse 
materials. Earthquake acceleration 0.15 which will act horizontally, 
based probability studies covering 1300 years, and made Dr. Kawazumi 
Tokyo University. “Earthquake tests models rockfill dams” were 
made for Aichi Corporation Dr. Niwa Kyoto University. The method 
stability analysis used was that Fellenius in, “Calculation the Stability 
Earth Stability analysis indicated that talus and terrace deposits 
the abutments should removed. 


Foundation Treatment 


The pattern intersecting joints, solution channels and faults crossing the 
site required extensive and careful treatment. The grout curtain, Fig. 12(b), will 
carried out stage grouting. Shafts were excavated the faulted zones 
six meters deep and twelve meters long. Gunite shall used required. 
The COg gas the formation will affect ordinary cement, and special 
cement required. The special cement based tests and specifi- 
cations used New York City 1941. 


Embankment Construction 


Embankment construction planned begin July, 1959. Core material 
shall contain not larger than 150 size particles; its moisture content 
shall limited that which would permit the satisfactory use con- 
struction equipment, and compaction shall sheepsfoot roller 
loose layers. Transition zone shall contain not greater than 600 (23 inch) 
cobbles and not more than weight passing No. 200 sieve, and shall 
compacted pneumatic tire rollers. Filter zone shall contain not greater 
than 200 inch) cobbles and shall compacted sheeps foot roller 
the time rolling the transition zone. The upstream rockfill shall made 
end dumping other means with requirement for compaction level- 
ing regular lifts long the fill brought reasonably level. The 
downstream rock fill shall quarry run sizes durable rock dumped and 
bulldozed into place lifts approximately meters thick, compacted con- 
trolled movement the hauling and spreading equipment without sluicing. 

Investigation, design and construction supervision has been Erik Floor 
and Associates, and personnel engaged this project includes Bleifuss, 
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CALVIN DAVIS,® ASCE.—Thanks are expressed Mr. Sakurai for 
his discussion this subject. The data concerning the Makio Dam signi- 
ficant addition. was interest note that the steep valley cross section 
and relatively low shear strength the core material, common both the 
Makio and Derbendi Khan dams, dictated the use core section 
both cases rather than sloping core section. 

Because the similarity between the two projects and considering that con- 
struction the Makio Dam early phase, believed tobe interest 
discuss the most recent construction experiences the Derbendi Khan Dam. 
River closure and diversion through the and tunnels were made June, 
1958. Since that date the wet season cofferdam has been completed and total 
2,000,000 fill have been placed. Fill operations have lagged behind 
schedule because delay completion the grout curtain along the center 
the cutoff trench. This problem has been remedied constructing con- 
crete gallery inthe rock along the ungrouted portion the foundation. Curtain 
grouting being completed from the gallery while placing core material over 
the gallery. Final cleanup the excavated foundation rock being made just 
ahead fill placement minimize the length time which the compaction 
shales are exposed desiccation weathering. This procedure has worked 
out quite well and will continued throughout construction. 

Although design assumptions have been confirmed construction 
has proceeded, foundation conditions were discovered somewhat more 
critical than originally determined exploration program. Initial grout- 
ing operations, including extensive water pressure testing the grout and check 
holes, disclosed that the top rock were quite leaky. Because these 
conditions, the grouting program has been expanded include consolidation 
grouting along axis either side the main grout curtain and within 
minor fault zones. Consolidation grouting consists six rows holes 


either side the holes spaced centers both 
ways. 


Harza Engrg. Co., Chicago, 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 
TRANSACTIONS 


Paper No, 3085 


ROCKFILL DAMS: 
DESIGN COUGAR CENTRAL CORE DAM 


With Discussion Cooke; and Paul Thurber 


SYNOPSIS 


The design rockfill embankment for Cougar Dam involved choice be- 
tween central-core and sloping-core section. The initial decision was for 
sloping-core section but this was later reversed and central-core section 
was adopted. The principal factor making the final decision was the un- 
certainty the amount water load settlement that could expected 
rockfill embankment the height the proposed dam and the susceptibility 


sloping core compacted earth rupture from the type settlement 
that would occur, 


INTRODUCTION 


Cougar Dam and Reservoir will unit the general comprehensive 
plan for flood control, navigation, and other purposes the Willamette River 
Basin northwestern Oregon which was authorized Congress the Flood 
Control Act 1938 (Public Law 761, 75th Congress, 3rd Session). The prima- 
function the project will flood control. Other functions will include 
power generation and storing water for release during periods low natural 


flow aid irrigation, navigation, and pollution abatement the lower stretch- 
the river system. 


Note.—Published essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1749, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication 

Chf., Foundations and Materials Branch, Army Engr. Dist., Portland, 

Ore. 
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The dam site located the South Fork the McKenzie River, 4.4 miles 
above the confluence that stream with the McKenzie River and air miles 
east Eugene, Oregon. (Figs. and The dam, now planned, will 
1580 feet long the crest and 445 feet high above the foundation with the axis 
arched upstream. will control the runoff from 210 square miles 
mountainous and timbered land the western slopes the Cascade 
Mountains, practically all which within the Willamette National Forest. 
The reservoir will cover 1280 acres maximum pool and will have storage 
capacity 219,000 acre-feet, which 155,000 acre-feet will available for 
flood control storage. 

Appurtenant structures will include concrete spillway the right 
abutment, power and regulating outlet tunnels through the left abutment with 
common intake structure, and powerhouse near the downstream toe the 
dam. The spillway discharge will controlled two tainter gates, each 
feet wide 43.5 feet high. The power tunnel will steel-lined, 10.5 feet 
diameter and 1200 feet long, and the regulating outlet tunnel will concrete- 
lined, 13.5 feet diameter and 1000 feet long. The initial power installation 
will two 12,500 kilowatt units with provision for expansion accommodate 
additional unit future power demand justifies peaking plant. 

The diversion tunnel, horseshoe-shaped unlined tunnel 19.5 feet diame- 
ter and 1800 feet long, was completed 1957 and approximately 1,400,000 
cubic yards talus overburden was removed from the abutment slopes under 
separate stripping contract during that year. road along the west side 
the reservoir, replace the existing Forest Service road the valley, 
under construction and will completed the late fall 1958. planned 
award the contract for construction the dam and appurtenant structures 
the early spring 1959 with completion scheduled for the fall 1961. 


Geology and Foundation Conditions 


The dam site located the Western Cascades, geologic province 
early and middle Tertiary pyroclastics, lava flows, and contemporaneous in- 
trusives. The oldest rock the reservoir area series bedded pyro- 
clastics which form the valley floor the dam site. Following the accumu- 
lation these pyroclastics there was gentle regional warping which tilted 
the area toward the east. After several cycles vigorous erosion followed 
renewed volcanic activity which filled the eroded valleys with lava flows 
and additional pyroclastic deposits, the formation the present Cascade 
mountain range blocked the drainage the east, resulting extensive valley 
filling with alluvial material and starting the drainage pattern the west 
which exists today. 
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FIG, 1.—VIEW DAMSITE LOOKING DOWNSTREAM 


FIG, 2,—VIEW DAMSITE LOOKING UPSTREAM 
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The region characterized prominent sharp ridges and steep heavily 
timbered slopes with shear rock cliffs and broad high-level benches, which 
form topography early maturity. The valley slopes are mantled with 
mixture residual soils, slope wash and talus, and the valley floors are 
covered with varying depths recent river alluvium. The river flows ina 
bouldery channel with many rapids and constrictions preduced boulder 
terrace deposits and irregular erosion the pyroclastic rocks and igneous 
intrusives. the dam site has cut precipitous canyon some 700 feet deep 
through basalt mass. 

geologic section the dam site the axis shown Fig. The bed- 
rock the valley floor flat-lying series alternating layers mudstone 
and tuff. The results pressure tests core drill holes this formation 
indicates that foundation leakage will not problem, and planned 
limit the initial grouting the valley floor exploration grouting and ex- 
pand this program areas where the grout take indicates that additional 
grouting necessary. The overburden the valley floor mixture 
sand, gravel and boulders which varies depth from feet feet except 
potholes where depth feet has been measured. This alluvium, ex- 
cept for shallow surface mantle sand and silt, has been well consolidated 
all locations where has been explored. The surface mantle will re- 
moved from the entire area under the embankment, but not planned 
excavate bedrock except under the core and possibly exploration 
trench the downstream toe the dam. 

The sides the canyon are formed massive basalt outcrops which over- 
lie the tuffaceous sediments the valley floor and rise almost vertically 
from the valley slopes heights above the crest the dam. These basalt 
masses are backed series tuffaceous sediments similar those the 
valley floor which outcrop above the basalt both abutments. The contact 
the basalt and the tuffs was tight and usually welded all the drill holes 
which was encountered. The overburden both abutments mixture 
basalt talus and sandy silt slope wash. The major accumulation this talus 
overburden downstream from the axis the left abutment and depths 
100 feet have been measured drill holes this area. All this material 
will removed from the foundation area under the 

The principal joint pattern the area consists two nearly complementa- 
sets joints dipping from about degrees vertical. These joints oc- 
cur the basalt both sides the canyon. the left side one set joints 
nearly parallel the canyon wall and the wall downstream from the axis 
formed almost vertical slabs more less separated along these joints. 
(Fig. The rock exposed above the talus slope sound basalt, but when the 
talus was removed was found that the basalt which had been covered was 
badly weathered and disintegrated depths about feet. After the talus 
and weathered rock was removed from front the vertical slabs, some 
sections toppled into the excavation indicating that the bases these slabs 
are also disintegrated. believed that the disintegration resulted from 
the action water trapped the open joints and the talus. This condition 
limited the area downstream from the axis the left abutment (Fig. 
but will require the extensive removal weathered rock and the removal 
some sound rock that area. anticipated that more extensive grouting 
will required the abutments than the valley floor because the joint- 
ing the basalt. The extent the proposed grout curtain shown Fig. 
Horizontal holes will drilled into the left abutment along the slope the 
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FIG, LEFT ABUTMENT 


embankment downstream from the axis provide drainage and prevent the 
accumulation water the open joints the basalt. 

There are known records seismic activity originating the vicinity 
the dam site, but faulting prominent feature the regional picture and 
some faults appreciable offset cross through the site. These have not been 
considered the embankment design because they not appear have 
suffered movement recent geologic periods and those exposed excavating 
the diversion tunnel were tight and well healed. 


Embankment Materials 


Rock for the embankment will obtained from required excavation for 
the spillway and other structures and from quarries the basalt outcrops 
which form the sides the canyon the dam site. The principal quarry will 
developed the rock face downstream from the spillway the right 
abutment. The basalt exposed this face extends from approximate elevation 
1400 approximate elevation 2100 and about 1800 feet downstream from the 
limits the spillway tailrace channel. Jointing varies from inches 
the upper portion this exposure, from inches the central portion 
and from inches the portion below approximate elevation 1500. 
secondary quarry can developed the area upstream from the em- 
bankment the left abutment. The rock good quality basalt, weighing 
150 160 pounds per cubic foot, with compressive strength above 20,000 
pounds per square inch. Weathering and regional tectonics have opened the 
joints varying degrees and the rock sizes which can obtained will 
largely controlled the extent which this has occurred, Weathering, ex- 
cept shear planes and faults, generally limited oxidized film 
thin coating along the joints which does not impair the quality the rock. 
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Locating source material for the impervious core the vicinity 
the dam site has been problem. The larger deposits suitable material 
occur terraces the upper portion the valley slopes. Several these 
were investigated with auger borings and bulldozer trenches and all were 
found contain similar material. The most favorably located sources are 
two areas the slopes above the right abutment, about 1.5 miles from the 
site haul road. The material sandy silt with liquid limit ranging 
from and plastic index ranging from 17. The natural moisture 
contents all deposits explored were well above the optimum and the materi- 
will have dried before can compacted with the heavy pneumatic- 
tired rollers which will used. The shear strength high when the materi- 
compacted the moisture contents which can used. Several de- 
posits gravelly material were explored effort find material suit- 
able for use the core which would easier work and could worked 
over longer The materials the deposits explored contained suf- 
ficient fines impervious but they also contained cobbles and boulders 
such amounts that processing would necessary remove them and this 
would difficult because the high moisture content and the clayey nature 
the fines. 

Approximately 1,400,000 cubic yards material have been removed from 
the abutment slopes and disposed waste area just upstream from the 
dam site. This material mixture basalt talus and sandy silt, with vary- 
ing amounts and sizes talus rock. Much this material appeared 
suitable for use the core but some portions did not contain sufficient fines 
and all contained large rock and boulders. effort was made segregate 
the more suitable material the disposal area and dragline trenches are be- 
ing excavated that this material may examined more carefully and 
samples obtained for laboratory testing. 

Material for the transition zone will obtained from river bars and ad- 
jacent flood plain deposits the vicinity the dam site but will probably 
necessary manufacture the filter materials order obtain the re- 
quired gradation. anticipated that filter materials and concrete aggre- 
gates will manufactured from the local gravels combined operation 
since satisfactory natural aggregates have been found. 


Embankment Design 


The design originally proposed for Cougar Dam House Document 531, 
Congress, 2nd Session (1950), was gravel embankment with compacted 
earth core, similar the designs used for other dams the Willamette River 
Basin. was found, however, early the advance planning investigations, 
that the construction this type embankment would require extensive 
borrow pits gravel deposits near the mouth the South Fork and that local 
interests would object this excavation because would impair the natural 
beauty the area. Since adequate quantity rock for rockfill em- 
bankment could obtained from the basalt outcrops which form the canyon 
walls the dam site, studies were made the comparative costs gravel 
and rockfill embankment. The results indicated that the total project cost 
would less with rockfill embankment than with the gravel embankment 
originally proposed. 
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Two types rockfill embankment were considered, one with centrally 
located compacted earth core, the other with sloping compacted earth core 
located upstream from the axis. The central-core design would require less 
foundation excavation and smaller quantity impervious core material but 
the sloping-core design has the advantage that, under normal weather con- 
ditions, could constructed shorter period time with consequent 
saving construction cost. The long rainy season the Willamette River 
Basin limits the period during which impervious materials can placed 
from three four months normal years and may limit less than two 
months wet years. Rock, the other hand, can often quarried and 
placed the year round the elevation the dam site, and for all except two 
three months during the most severe winters. With central-core design 
the rate which the rockfill can constructed will controlled the rate 
which the core material can placed. gravel embankments construct- 
this area has usually been possible continue placing gravel after 
the fall rains have halted the placing core material but the length time 
during which this can done limited, particularly during the later stages 
construction, the height which the gravel can carried above the 
core. When this height reached necessary stop all work the em- 
bankment until the placing core material can resumed the following 
summer. With the sloping-core design the rockfill section downstream from 
the core, which contains the major portion the rock this design, can 
completed independently the core, and scheduling studies indicate that this 
could decrease the time required for construction much one year. 

The sloping core section shown Fig. was adopted because the results 
the preliminary studies indicated that dam this design could con- 
structed substantially lower cost than one with central core. was 
planned place the rock the downstream dumped-rock section one lift 
dumping and sluicing from elevation 1610 and face this with compacted 
rock section support the core. The compacted rock would placed 12- 
inch 18-inch lifts and compacted with 50-ton roller equipped with steel 
wheels. 

Since the proposed dam will appreciably higher than any rockfill dam 
with sloping core previously constructed, 445 feet above the foundation com- 
pared with 325 feet for Kenney Dam, there was considerable concern about 
the amount settlement that would occur when the reservoir was filled and 
the possible effect this settlement the sloping core. Detailed information 
was obtained the settlement three rockfill dams with reinforced concrete 
faces, Salt Springs Dam (328 feet high), and the Lower Bear River Dams (245 
feet high and 150 feet high) constructed the Pacific Gas and Electric 
Company California. Essentially all the water load settlement these 
dams took place during the first complete filling the reservoir. Two types 
movement were observed each dam, settlement normal the concrete 
facing which was maximum the central portion the dam about four-tenths 
the height above the base, and lateral settlement away from the abutments 
which was maximum the abutments and tended open joints and cause 
cracks the upper portion the concrete facing near the abutments. 
The lateral settlement each case was roughly proportional to, and appeared 
result from, the normal settlement. 

The settlement data these dams indicates that the magnitude water 
load settlements rockfill dams may increase rate greater than di- 
rect proportion the height the dam. Extrapolation from the measured 
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settlements indicates that maximum settlement feet normal the 
face might expected similar dam the height the proposed dam. 
expected that the settlement sloping-core rockfill dam will resemble that 
concrete-faced rockfill dam and could greater because the flatter 
slope which the water load applied. The probable high maximum settle- 
ment normal the face the core was not regarded problem itself 
but the possibility cracks developing the core due lateral settlement 
the rock fill was thoroughly studied. Tension rock fill, such occurs 
near the abutments, appears open cracks the rock fill and, sloping- 
core dam, would tend open cracks the core. was observed that cracks 
normal the axis opened Salt Springs dam above the level the partially 
filled reservoir during the first year. Arching the core plan would not pro- 
tect cracks developed ahead the rising reservoir level because water 
would enter the cracks before there was sufficient water pressure close 
them arch action. 

The problem protecting the core against possible rupture became more 
serious the design progressed. The relatively steep abutment slopes the 
proposed site will conducive large lateral settlements rockfill em- 
bankment and the topography the left abutment such that would diffi- 
cult avoid high tensile and shearing stresses sloping core. The most 
favorable location for the axis the left abutment along the crest 
steep-sided basalt ridge which projects into the valley this point. Ina 
sloping-core design the base the core would rest the upstream slope 
this ridge and the core would supported varying depth rock fill with 
abrupt change depth the crest the ridge. was agreed that com- 
pacting the rock fill which supported the core would afford some protection 
the core, and the possibility compacting the entire downstream rockfill 
section was considered, but was questioned there could any positive 
defense against cracking sloping core dam the proposed height 
this location. The suitability the available core material for sloping core 
was also questioned because laboratory tests indicate that materi- 
which would tend crack rather than deform under tensile stress and 
would very susceptible erosion. Since the original decision favor 
the sloping core design had been based primarily comparison estimat- 
costs the two designs was decided restudy this comparison. The 
results these studies indicated that, the sloping-core design were modi- 
fied meet the objections, would longer have any advantage over the 
central-core design either cost time required for construction, and 
there would still question were the preferable design for the pro- 
posed location. This was the basis for reversing the original decision and 
adopting the central-core section shown Fig. The plan for this section 

The dumped-rock sections will constructed clean, sound basalt 
quarry-run sizes with limitation the amount fines, placed lifts not 
more than 100 feet height dumping and sluicing. The contractor will 
permitted vary the lift heights fit his construction program. The outer 
slope each lift will the natural dumped-rock slope and the required 
average slope will obtained berms each lift. The downstream com- 
pacted rock section and the upstream compacted rock section above elevation 
1600 will constructed similar rock with 12-inch maximum size, placed 
shallow lifts and compacted. The lift thickness and amount compaction 
required will determined test fills constructed this summer. 
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The quality requirements for the rock placed the upstream compacted rock 
section below elevation 1600 will relaxed permit the use partially 
weathered basalt, sound tuffs obtained from required excavation, boulder al- 
luvium excavated from the core trench, and the cleaner talus obtained from 
abutment stripping. Placing and compacting requirements will similar 
those for the other compacted rock sections. The downstream compacted 
rock section shown minimum section, and not expected that the down- 
stream boundary will exactly shown. When the dumped-rock section 
constructed advance the core section the compacted rock will placed 
against the dumped rock slopes, and when the core section constructed 
advance the dumped-rock section the compacted rock section will the 
thickness required support the core. 

The design the core section has not been completed this time. 

Present thinking that will two-section core, with material obtained 

from borrow areas the upstream section and material obtained from 
abutment stripping the downstream section. The final decision this will 
not made until investigations now being made the materials stripped 

from the abutments are completed. The upstream slope the core will 
protected transition zone gravel and sand and the downstream slope 
two-zone filter. zone rock spalls may used downstream from the 
filter, depending the results obtained the compacted rock test fills. 

The estimated total in-place volume the embankment now being designed 
13,200,000 cubic yards, which includes 11,000,000 cubic yards rock, 
1,600,000 cubic yards core material, and 600,000 cubic yards filter and 
transition zone material. 
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DISCUSSION 


ASCE.—Mr. Thurber has presented concise and valua- 
ble paper the engineering considerations geology, foundation, materials 
and design for rockfill dam unprecedented height. The thoroughness and 
caution the considerations particularly appropriate since the unprecedent- 
height associated with less than ideal geology and materials. The use 
experience data and measurements previous dams, mentioned the 
author, stresses the value and importance this Symposium making such 
information available all engineers engaged planning and design dams. 
The experience information increasingly important the selection type 
and design rockfill dams still greater height. The availability con- 
siderable experience data made possible through this Symposium way 
reduces the need the pooled judgment and experience many engineers 
any specific project, such recognized Mr. Thurber’s acknowledgments. 

Regarding streambed excavation, the author states, not planned 
excavate bedrock except under the core and possibly exploration 
trench the downstream toe the dam”. Where reasonably feasible 
place the core bedrock, done. Where not, designs with up- 
stream impervious apron, such for Cheakamus Dam and the proposed High 
Aswan Dam, can adapt the rockfill dam the site. The leaving substantial 
amounts streambed materials the foundation rockfill dam often 
major economic importance and most cases may result better dam. 
However, considered that properly backfilled exploration trench the 
downstream toe necessary part rockfill dam intended founded 
streambed materials. 

The careful considerations discussed under the heading “Embankment De- 
sign” emphasize the value and importance measurements lateral 
movements points the crest rockfill dam. The term lateral 
movement refers the “across canyon” component, which parallel the 
axis the dam. Both the magnitude and the design importance these 
movements are considered increase rate greater than proportion 
the height dam. For some concrete face rockfill dams less than 150 feet 
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height, the lateral movements have been observed negligible. Fora 
well designed and constructed core rockfill dam less than about 325 feet, 
these lateral movements are perhaps not significant. However, assured 
that the performance rockfill dam satisfactory, and provide basis 
for improved design higher dams, considered that lateral measure- 
ments points the crest should included design and operating 
feature all rockfill dams significant height. 

The central core section shown Fig. the paper indicates zones 
compacted rock both and downstream from the core. The reasons for the 
compacted rock sections are not expressly given the paper. appears that 
the compacted rock sections permit the utilization the smaller quarried 
rock the dam and provide some construction advantages coordinating the 
core and rockfill construction. The minimum thickness the downstream 
zone compacted rock probably basic design requirement compact- 
transition zone. would interest know the extent which the 
compacted rock zones were considered necessary for structural design 
reasons for this high dam. Also, the results the test compacted rockfill 
would value. Neglecting the fact that the compacted zone permits the 
use rock that might not suitable for dumped rockfill, how the bid 
prices compacted and dumped rock compare. 

the time writing the paper, design the core and rockfill section was 
not completed. Considerable design progress has been made since, resulting 
the award the construction contract June 1959. would particu- 


lar value and interest that the author bring the design history Cougar Dam 
date. 
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PAUL ASCE.—The embankment design for Cougar Dam had 
not been completed the time the original paper was published August, 
1958. The completed design differs slightly from the design reported that 
paper, both section and materials, The embankment section shown 
Fig. The modifications, general, were based information obtained from 


Pool 


FIG. SECTION 


additional investigations the site and available materials. This closure 
describes those modifications, discusses the reasons for adopting them, and 
reports the progress that has been made construction the dam. 

The results, obtained from the investigation the material stripped from 
the abutments and stockpiled upstream from the site, indicate that this ma- 
terial more suitable for use the impervious core than the material 
originally selected. This material is, predominantly, mixture basalt talus 
and sandy silt, with 25% 55% passing No. sieve and 10% 30% passing 
No. 200 sieve. border-line ML-CL material. Additional 
explorations have located source suitable transition material old 
terrace downstream from the site. The material well-graded gravel and 
sand with 20% 45% passing No. sieve and 15% passing 200 
sieve. The fine fraction ranges from non-plastic The 
same placing procedures will used for both materials; boulders and rocks 
larger than in. will removed, and the materials will spread 12-in. 
layers and compacted with four coverages with 50-ton rubber-tired roller. 


Foundations and Materials Branch, Army Engr, Dist., Portland, Ore. 


3 

1.8 
4 16 %, 1.6 
| 


674 THURBER COUGAR DAM 


The placing moisture content both materials will controlled within 
narrow range optimum. 

The base the impervious core has been moved upstream the contact 
with the rock foundation will upstream from the crest the steep-sided 
basalt ridge which projects into the valley the left Although the 
core inclined, the dam considered central-core design because 
the inclination not sufficient require flattening the lower portion the 
upstream slopes for stability. The impervious core narrower than the 
previous design because the transition material sufficiently impervious 
serve secondary core. The transition zone also eliminates the need for 
the two-zone filter the previous design. The upstream slope the im- 
pervious core will protected layer transition material, and there 
will layer rock spalls between the transition zone and the rockfill 

was learned, from excavation for the relocated forest service road 
the left abutment, that the jointing the basalt formations such that large 
rock suitable for placing high lifts and sluicing originally planned will 
difficult obtain; the placing procedure for rockfill has been modified 
accordingly. Rock from the road excavation which was dumped over the left 
abutment used later construction the dam was broken the 
impact that quarrying methods, which drop the rock more than ft, are 
prohibited the contract specifications. 

The rockfill zones, shown the embankment section, are designed pro- 
vide section well-compacted rockfill support the core and use the 
available materials effectively possible. Class Irock will clean, sound 
fragments unaltered basalt andesite with not more than 12% the frac- 
tion passing the 6-in. sieve passing the sieve. The rock placed 18-in. 
layers will have maximum size in. shortest dimension, and each 
layer will compacted two coverages with crawler-type tractor weighing 
not less than tons and two coverages with 50-ton rubber-tired roller. 
The rock placed layers maximum size shortest 
dimension with not less than 30%, weight, pieces larger than in. 
shortest dimension, and each layer will compacted two coverages with 
the tractor. there surplus small-sized rock may placed this 
zone layers, but each layer willbe compacted two coverages with 
the tractor. Oversized rock will placed the upstream and downstream 
faces the dam without Class will basalt, andesite, 
coarse-grained tuff with 25% weathered pieces permitted, sandy 
boulder alluvium from foundation excavation, with maximum size in. 
shortest dimension and not more than 25% passing No. sieve. This ma- 
terial will spread layers and compacted two coverages with 
the tractor. 

believed that compaction the rockfilldownstream from the core will 
reduce, eliminate, movements the dam when the reservoir filled. 
This might affect the core, andit planned considerable experimentation 
with different types rollers develop aneffective method achieving this 
compaction. Plans for steel impact roller are being developed, and this will 
used along with standard rollers various types. 

The contract for construction Cougar Dam was awarded June, 1959. 
The diversion tunnel was constructed under previous contract, but rock 
conditions the upstream entrance required the re-design the upstream 
portal, and this structure was included the dam contract. The contractor 
was also required install facilities for trapping salmon downstream from 


| 
| 


wo 
wo 
& 
o 
PO 
ae) 


= 
1 
Lal 


676 


FIG, BURIED CHANNEL, LOOKING 
UPSTREAM FROM DOWNSTREAM TOE 


FIG, BURIED CHANNEL, LOOKING 
UPSTREAM THROUGH CORE AREA 
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the diversion tunnel, transporting them through the reservoir area, and re- 
leasing them the upper river before diverting the river flow through the 
tunnel, The tunnel portal and fish facilities were completed time divert 
the river flow the end the winter flood season April, 1960. Excavation 
for the inlet structure and the penstock and regulating tunnels was essentially 
complete June, 1960, and considerable progress had been made excavating 
the foundation for the dam and developing the principal quarry the right 
abutment downstream from the spillway. Views the progress that has been 
made are shown Figs. and 

Exploratory drilling the valley floor was interpreted indicating two 
fairly extensive but unconnected potholes the foundation bedrock, but ex- 
cavation this area has revealed buried channel that continuous for the 
full length the foundation. This channel wide the central 
portion the foundation where has been eroded through basalt cap into 
the underlying tuff and siltstone, and widens out upstream and downstream 
where the basalt not present. The widthnear the upstream and downstream 
toes had not been determined when this was written. Views the excavation 
the buried channel are shown Figs. and 11. 

Additional exploratory drilling the channel has been limited avoid 
interfering with the contractor’s operations. From information that has been 
obtained expected that the channel will around deep the up- 
stream toe and deep the core area and near the axis, Present 
plans are excavate the channel rock the core and fill 
the channel with low-strength concrete for the full width the core, and 
excavate the material the channel depth approximately where 
the channel less than 100 wide upstream and downstream from the core 
area. The depth excavation other areas will not decided until more 
information has been obtained. 

The writer agrees with Mr. Cooke’s comments onthe value and importance 
measurements lateral movements points the crest of-a rockfill dam. 
His organization has been leader obtaining these data, and the designers 
Cougar Dam are indebted tothem for information made available during the 
design. 
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Founded November 1852 
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Paper No. 3086 


ROCKFILL DAMS: 
REVIEW AND STATISTICS 


and Arthur ASCE 


With Discussion Messrs, Lawton; Robert Koch; and John Snethlage, 
Scheidenhelm, and Arthur Vanderlip 


SYNOPSIS 


This paper reviews present practices. develops definition, classifica- 
tion and terminology for such dams and for those using earth addition 
rock fill. discusses the advantages deck-type dams; also settlement and 
economy rock-fill dams. its appendix lists rock-fill dams constructed 
the United States and Foreign 


Unlike most, not all, the other papers forming parts this symposium 
rock-fill dams, the authors treat herein the broader aspects dam con- 
struction that type. 

Constructed expedients during pioneer days the West, several 
those early, though smaller, rock-fill dams remain functioning monuments 
ingenuity and engineering enterprise. Since the close World War II, 
rock-fill dams have increasingly received attention. Their importance 
attested the symposium which this paper part. 


essentially printed here, August, 1958, the Journal the 
Power Division, Proceedings Paper 1739, Positions and titles given are those ef- 
fect when the paper discussion was approved for publication Transactions. 

Cons. Engr., New York, (Deceased). 
Cons. Engr., New York, 
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There course ample justification for this interest rock-fill dams. 
Primarily lies the resultant economy, but not that alone. fair 
say that various important dams constructed since that war would not exist 
were not that selection the rock-fill type made the construction economi- 
cally feasible. 

former years natural and perhaps laudable conservatism the part 
dam designers, seemingly justified some failures, caused them 
shrink from investing millions large dams consisting mainly what could 
called heap loose rock, while many instances dam constructed 
concrete could had for nearly the same cost. Perhaps with some persons 
like feeling still persists. 

Chiefly responsible for the present-day favorable cost aspect rock-fill 
dams the fact that this type construction well adapted mechaniza- 
tion. Large-capacity quarry shovels and dump trucks, for loading and trans- 
porting the loose rock, permit construction rapidly, relatively low unit 
cost and with minimum personnel. 

Also there the fact that utilization Nature’s construction material, 
where plentifully available near the damsites, creates situation well- 
nigh ideal for damsites which are not easily accessible. That true, not 
only the United States, where most the readily accessible and otherwise 
desirable damsites are already use, but also, dam-building foreign 
countries. Thus over the last years more high rock-fill dams have been 
constructed abroad than our country. 


Proposed Definition Rock-Fill Dam 


The name dam” commonly applied any dam which rock 
fill used. However, that name has been applied various dams which, al- 
though utilizing rock fill, could more justifiably designated otherwise, e.g., 
earth dams rubble masonry dams. 

The term, dam,” necessarily implies the use two different 
materials, each having its own function. That is, structure rock fill alone 
will constitute obstruction, but not complete barrier, stream flow. 
can not truly constitute dam. 

unsuccessful attempt make rock fill alone constitute dam occurred 
the case the Littlefield dam, the Virgin River, Arizona, where natural 
silting was upon seal the interstices rock fill and hence pro- 
vide impermeability. However, when construction had advanced height 
126 ft., ft. below the ultimate crest, flood washed out the rock fill, 
well before the stage overtopping had been reached (Western Construction 
News, Nov. 29, 1929, 618). short, for dam rock fill, there needed 
second material, order make the structure impervious. 


yet adequate definition rock-fill dam appears exist, but the 
following suggestion believed worthy development: 

rockfill dam considered one that relies dumped rock 
major structural Included are rockfill dams the types with imper- 
vious face membranes, sloping earth cores, thin central cores, and thick 
central cores, 
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Criteria 


proposed that the criteria for formulating appropriate definition 


wo 


The material comprising the fill loose rock, mainly taken random, 
whether from quarry other source. 

Although the material usually derived from quarrying operations, 
not the intention exclude the use natural rock slides talus 
rock from excavations for structures. short, proposed that, 
qualify rock fill, the material consist pieces rock various 
mixed sizes, obtained from whatever source most convenient and 
economical. 


The material placed the dam largely entirely dumping, re- 
gardless whether the layers such placing (usually referred 
“lifts”) are relatively thin thick and regardless method com- 
paction—mechanical, sluicing otherwise. 

This criterion would exclude dams constructed the main indi- 
vidually-placed rock. Such latter dams are actually rubble dry- 
masonry dams and should not called rock-fill dams. 


The rock fill constitutes the major portion, i.e., least 50%, the 
maximum cross-section the dam. 

This would exclude dams which some other material, usually im- 
pervious (and usually rolled) earth, occupies more than half the cross- 
sectional area. “cross-sectional area” there here meant the area 
the maximum cross-section the dam above horizontal, nearly 
horizontal, line which intersects the upstream and downstream slopes 
the dam and which general separates the man-made structure from 
Nature’s materials upon which the dam founded. 

For the purpose point, material below such line, whatever kind, 
would not considered part the pertinent cross-sectional area. 
Dams with very wide central earth cores, occupying more than half 
the cross-sectional area, should considered reality earth 
dams, even though the material each side the earth core rock 

fill. 

Likewise, dams sometimes referred being composite 
combination type, that is, with upstream section rolled earth and 
downstream section rock fill, would designated “rock-fill dams” 
only the earth section were less area than the rock-fill section. 

course true that the proposed 50% dividing line somewhat 
arbitrary and that rock-fill problems are just real even though the 
rock fill may occupy less than 50% the cross-sectional area. How- 
ever, particularly for the purpose distinguishing between earth-fill 
and rock-fill dams, the selection the 50% point would logical. 


Proposed Definition 


Based the foregoing, the authors propose the following definition 


rock-fill dam: 


rock-fill dam one which least half the material the 
maximum cross-section comprised loose rock placed dumping. 


Section hereof, there are illustrations the application such defini- 


tion various forms ‘fill’ dams which utilize rock fill primary struc- 
tural element. 
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Basic Types Rock-Fill Dams 


Rock-fill dams must provided with impervious portion diaphragm 
—not necessarily relatively thin one. Consequently the designation basic 
type rock-fill dam may logically terms the location the dia- 
phragm relation the body the dam. Thus there are two basic types, 
viz., the deck type and the central-core type. these, the former be- 
lieved the older. 


Deck Type Rock-Fill Dams 

The general characteristic this type dam that the impervious dia- 
phragm, regardless material used, deck the upstream side the 
body the rock fill. The deck relatively thin except generally when 
earth without upstream covering rock. 

Although the very highest rock-fill dams the world are the central- 
core type using earth, those the deck type, some cases nearly high, 
are more numerous. 


Deck Material 


Various materials have been used the construction the impervious 
decks rock-fill dams, with refinement suit the taste the designers 
follow contemporary habit and experience elsewhere. 

not within the scope this paper discuss the details construction 
such decks; that has been done other papers constituting parts the 
symposium. mere summary will suffice: 


Wood 

Planks are nailed onto wooden beams embedded the upstream surface 
the rock fill, which surface generally has been smoothed with coating 
portland cement mortar. 

There are several dams with such decks wood. Galloway his 
paper rock-fill dams (Trans., ASCE, Vol. 104, 18) stated that one the 
advantages wooden decks flexibility. Existing examples are: 


Hillside dam, ft., California, 1904 
Cucharas dam, 125 ft., Colorado, 1911 
Saddle Bag dam, ft., California, 1921 
Torron dam, Sweden, 1936 


Steel 

Steel plates, provided with expansion joints, are fastened steel beams 
embedded the surface the rock fill, similarly smoothed means 
cement mortar. 

Details are described “Steel dams,” Hovey. Examples steel- 
deck dams are: 


Skaguay dam, ft., Colorado, 1901 

Goose Neck dam, 210 ft., Colorado, 1910 
Penrose-Rosemont dam, 100 ft., Colorado, 1932 
Pego Altar dam, 213 ft., Portugal, 1949 


Earth (see Section hereof, illustrative cross-sections and Fig. 1). 
The impervious ‘diaphragm’ comprised earth fill, deposited (with ap- 
propriate transition zones) the upstream side the rock fill, then rolled 
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ROCK-FILL DAMS 


DECK TYPE 


With deck material other than earth. 


With relatively thin deck earth 
("sloping earth core"). 


relatively thick deck earth. 
(More rock fill than earth.) 


CENTRAL CORE TYPE 


With central core-wall, mainly solely 
material other than earth. 


With central core earth. 
(More rock fill than earth.) 


EARTH-FILL DAMS 


(More earth than rock fill) 


With upstream shoulder rock fill. 


With downstream shoulder rock fill. 


With both upstream and downstream 
shoulders rock fill. 


Legend: Rolled earth fill. 


Rock fill. 
Material other than earth. 
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for compaction and impermeability. This type utilizes solely Nature’s mate- 
rials, frequently unaltered form, found near the damsite. 

Admittedly this type dam ordinarily not thought deck type. 
However, functionally such use earth fill believed compel classifica- 
tion deck type. 

This true even where additional loose rock deposited over the up- 
stream outer face relatively thin, rolled-earth ‘diaphragm,’ not merely 
protect the earth from wave action but also ensure its stability. such 
dams the use the presumably more expensive the two materials mini- 
mized. Dams this logically evolved sub-type (see Section cross-section 
are frequently referred having “sloping earth core.” The principal 
exponent North America this sub-type has been James Growdon, 

ASCE. 
Examples dams with this relatively thin form rolled-earth deck are: 


Sillre dam, ft., Sweden, 1933 

Nantzhala dam, 250 ft., North Carolina, 1942 
Kenney dam, 324 ft., Canada, 1952 

Brownlee dam, 395 ft., Idaho, under construction 


The dams with thicker sections earth (see Section cross-section 3), 
which have outer covering rock (beyond ordinary rip-rap) and which, 
reason the proportions cross-sectional areas, must classified 
rock-fill dams, are likewise essence the deck type. these dams the 
upstream slope the rock fill usually averages steeper than the natural one 
dumped rock the upstream face the rock fill. 

Examples dams with this relatively thick form earth deck are: 


Ashton dam, ft., Idaho, 1917 
Inland dam, 195 ft., Alabama, 1938 
Barre Falls dam, ft., Massachusetts, 


rock-fill dams involving earth decks—as also the cases those with 
central cores earth—there must transition ‘filtering’ zones which 
there gradation from rock fill earth. 

this connection may noted that similar dams, with the thicker earth 
fills the upstream side, have been constructed the Bureau Reclama- 
tion, but with the downstream portion the dams comprised gravel and 
other pervious material instead rock fill. 


Portland Cement Concrete 

The deck material most commonly used has been portland cement (p.c.) 
concrete. present, the usual practice cast the concrete panels 
upon—largely integrally with—a relatively smooth base formed individually 
placed pieces rock over the rough upstream surface the rock fill proper. 

That base comparatively costly, but serves added purposes, which the 
most important and certain that providing upstream slope steeper 
than the natural slope dumped rock. This reduces volume regards both 
the p.c. concrete and the rock fill itself. 

However, there also p.c. concrete deck which, apparently without any 
ill effect, has been placed upon thick layer loose, washed gravel, overly- 
ing the rock fill proper, namely, the case Cogoti dam, Chile (Engineer- 
ing News-Record, Nov. 1931, 725). 

the United States the principal constructor rock-fill dams with p.c. 
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concrete decks has been Pacific Gas and Electric Company California. 
Prominent examples dams with decks p.c. concrete are: 


Dix River dam, 275 ft., Kentucky, 1925 

Salt Springs dam, 328 ft., California, 1931 
San Gabriel dam, 300 ft., California, 1938 
Pinzanes dam, 220 ft., Mexico, 1956 
Courtright dam, 310 ft., California, 1958 


Asphaltic Concrete 

The suitably prepared upstream face the rock fill paved with several 
layers asphaltic concrete form the impervious deck. 

The only examples dams with decks solely asphaltic concrete appear 
be: 


Montgomery 113 ft., Colorado, 1957 
Smith Mountain dam, 235 ft., Virginia, under construction. 


Asphaltic concrete, material for the construction decks for dams 
comprised rock, has been used foreign countries, although not the 
form used Montgomery dam used the Smith Mountain dam. 
case the deck known solely asphaltic concrete. Some such 
dams are rubble masonry. 

Following are examples those foreign dams which are known true 
rock-fill dams:4 


Caritaya dam, 125 ft., Chile, 1935 
Genkel dam, 140 ft., Germany, 1952 
Henne dam, 200 ft., Germany, 1954 
Iril-Emda dam, 246 ft., Algeria, 1954 


Central-Core Type Rock-Fill Dams 

Central-core, rock-fill dams are those having the impervious portion 
diaphragm located near the vertical center line the body the rock- 
filldam. Further subdivision this type may made depending the na- 
ture the core, including its material, e.g., those with relatively thin, cen- 
tral core-walls, generally some material other than earth, and those with 
relatively thick central cores, earth. 


Central 


The thin, central-core wall probably descendent very old earth dams 
and dikes, including Dutch dikes constructed several hundred years ago. 


“Rockfill Dams: Montgomery Dam with Asphaltic Concrete Deck,” 
Scheidenhelm, John Snethlage, and Arthur Vanderlip, Transac- 
tions, ASCE, Vol. 125, Part II, 1960. 

“Laboratory Investigation Asphaltic Concrete—Montgomery Dam, 
Colorado,” Scheidenhelm, John Snethlage, and Arthur 
Vanderlip, Presented the February, 1958, Annual Meeting the Assoc. 
Asphalt Paving Technologists, Montreal, Canada. 
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time when compaction earth was accomplished well possible, 
but, compared with present day means, primitive manner, the control- 
ling thought was that dam dike constructed earth alone could not surely 
made watertight and that the mere insertion, vertically, thin wall 
impervious material, approximately along the center line, would make so. 

Because earth slopes flat (vertical) (horizontal) were 
then customary, many such dams were successful. However, when economy 
demanded steeper slopes, now and then some bitter experience resulted. 

The use thin, central earth dams whatever height has 
practically disappeared and their use for rock-fill dams becoming very 
rare, even for relatively low dams. both cases, the basic reason may 
that the material the fill upstream from the thin, central core completely 
submerged and any case contributes nothing the stability the dam. 
fact, adds the horizontal water pressure against the core-wall and the 
downstream portion the fill and thereby reduces the margin safety. 

such central core-wall, rock-fill dams exist, the material for the 
has been reinforced concrete, plate steel and wood combina- 
tions thereof. None these materials combines strength, flexibility and dur- 
ability degree sufficient warrant burial inaccessibly the interior 
dam. 

Existing examples central core-wall, rock-fill dams are: 


East Canyon dam, ft., Utah, 1899 

Crane Valley dam, 145 ft., California, 1910 
Smith dam, ft., Colorado, 1916 
Silverwood dam, ft., Australia, 1928. 


Central Cores Earth 


major improvement, particularly for high dams, the use thick, 
rolled-earth, central core. course still true that the completely sub- 
merged upstream rock fill adds the horizontal water load against the body 
the dam proper (core plus downstream rock fill). However, the thick earth 
core, together with adjacent rock fill, lends itself more readily stability 
computations, approximating those usually made for conventional gravity-type 
dams p.c. concrete. The rock-fill sections confine the steep earth slopes 
(with their appropriate intervening zones transition from coarse rock 
earth). 

The highest rock-fill dams are such construction. Examples rock- 
fill dams with central cores rolled-earth are: 


Mud Mountain dam, 425 ft., Washington, 1948 
Ambuklao dam, 420 ft., Philippines, 1955 
Derbendi Khan dam, 410 ft., Iraq, u.c. 
Trinity dam, 537 ft., California, u.c. 


Hydraulically-placed sluiced-earth fill, instead rolled-earth fill, has 
been used for the construction the impervious interior least two dams, 
which, because the ‘shoulder’ rock each side the hydraulic fill, 
have the appearance rock-fill dams. These are the Capitan (California) 
dam and the Cobble Mountain (Massachusetts) dam. However, under the defi- 
nition rock-fill dams, i.e., because preponderance earth, each must 
classed earth-fill dam. 
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Classification and Terminology 


There are few structures concerning which there much confusion 
terminology true rock-fill, particularly those which earth used. 
This evident casual references but also more carefully considered 
correspondence and the pertinent engineering press. 

the absence cross-sectional sketch given dam and accepted 
terminology, may impossible determine just what type dam in- 
volved. Frequently the desire for brevity results ambiguity vagueness. 
Surely such characterization rock fill earth fill” structure lacks the 
preciseness which generally typical engineer. 

The authors believe that the illustrated classification (Fig. 1), with term- 
inology, below may helpful others has been themselves, 
accord with the definition proposed the end Section hereof and with 
the descriptions contained Section 

Mention and diagramming dams solely earth fill are omitted, due 
absence rock fill and involving possibility confusion. 

While not insisting that the following represents the optimum, the authors 
state that represents the results earnest effort that direction and 
they that considered for adoption outcome this sym- 
posium. 


Advantages Deck-Type Rock-Fill Dams 


The deck type rock-fill dam has various advantages not possessed 
the central-core type. The more important those advantages may 


described briefly follows: 


Greater Margin Safety 

Stability the deck-type dam whole against failure sliding 
overturning amply assured, largely because substantial amount uplift 
pressure can exerted. Particularly this true dams with decks other 
than earth fill. The factor safety these respects very large. the 
other hand, the case dam the central-core type, none the rock up- 
stream from the core contributes safety against sliding overturning— 
which, however, means the same saying that reason this fact 
rock-fill dam with central earth-core will not amply safe. 


Greater Tolerance Leakage 

Ordinary leakage through the foundation the deck can not endanger the 
dam, for the rock-fill essentially free draining. Even some overtopping, 
with flow into the rock fill, tolerable, though course not desirable. 

Because, with the exception thick, rolled-earth decks, the area grout- 
ing relatively near the upstream edge the dam, grouting and the 
major rock-fill construction can proceed simultaneously, though course not 
the same location. Thorough grouting time-consuming process, the 
extent which generally can not fully foreseen. Construction delay can 
minimized where grouting and dam construction can the same time. 
Moreover, because ordinary amounts leakage through the rock foundation 
can not endanger the dam and where there material economic loss 
reason such leakage, grouting can somewhat less than perfect. 


7 
q 
q 
q 
4 
q 
| 
| 


STATISTICS 687 


Rapidity Construction 

Except for the rock immediately underlying the deck, the construction 
the main sole rock fill, the case may be, unbroken, contrary the 
situation with the central-core type. Once the routine that construction 
has been established, the situation lends itself maximum rate progress, 
with correspondingly beneficial effect cost. Naturally this true the 
greatest extent the cases decks comprised material other than earth— 
for those cases the proportion rock greatest and there not the 
somewhat complicating feature transitions from rock earth. 


Accessibility Impervious Diaphragm 

Again with the exception earth decks and their rock coverings, the im- 
pervious diaphragm deck remains accessible for inspection and repair. 
This true even regards the part the deck remaining permanently un- 
der -water where hydroelectric development involved. 


Future Increase Height Dam 

The deck-type rock-fill dam better adapted for future increase 
height. The addition the rock fill requisite for increase height course 
presents problem importance. the deck, there would involved 
merely its extension upward its original other slope, with corresponding 
extension the cut-off and sealing provisions the abutments. 


the other hand, the fact that least the rolled-earth form the 
central-core type has some countervailing advantages evidenced the fact 
that the very highest rock-fill dams existence are that form. 


The Settlement Problem 


The problems rock-fill dams stem largely from the fact that rock fills 
settle and that such settlement may leave some, though means unresolv- 
able, question with respect proper functioning the impervious diaphragm, 
whatever nature. 


General Settlement 

The loose rock the fill, compacted initially the combination its own 
weight and the impact dumping, undergoes further compaction, first essen- 
tially vertically, the superimposed load the structure gains height, and 
later horizontally well vertically when, upon completion the dam, the 
impounded water exerts its pressure. This unavoidable process natural 
compaction generally referred settlement. Uncertainty such 
settlement constitutes practically the only rock-fill problem major impor- 
tance. 

Loose quarried rock has irregular surfaces and edges which come rest 
against each other the process dumping. The gradual increase load 
causes these edges points contact spall crush and hence there 
some re-adjustment within the fill. This process continues until the contacts 
between the pieces rock have become sufficiently blunt transmit the load 
without further spalling crushing. The resulting settlement appears 
continue, gradually diminishing rate, for few years after completion 
the structure. Settlement this type may assumed proportional 
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the height the rock fill above its foundation and present throughout the 
fill. 

Surplus fill, sometimes referred and slight convexity, 
upstream plan, are usually provided compensate for such settlement. 
Obviously convexity downstream plan should avoided because fill settle- 
ment movement downstream direction, such would due water 
pressure, would tend pull the rock fill apart. Relief dam California, 
constructed 1910, has convexity downstream plan; crack developed 
its reinforced p.c. concrete deck, the center the curve. 


Local Settlement 

Probably more serious what may referred local settlement. 
When, the process dumping, pieces rock become lodged such man- 
ner that there are relatively large holes within the fill, even the small adjust- 
ments, resulting from spalling edges points contact, may cause par- 
tial collapse such holes and hence additional settlement. The cumulative 
effect may substantial. not distributed throughout the fill, may in- 
dependent height fill and sometimes results subsidence which 
strictly local. 

Although the existence excessively large openings within the rock fill 
largely matter chance, the shape the pieces rock has important in- 
fluence. For rock which generally cubical shape, the chances oc- 
currence unduly large openings are materially less than for rock flat, 
elongated shape. 

Yet Genkel dam, Western Germany, 140 feet high, reported con- 
structed slate quarry waste, accumulated over many years operation 
several such quarries (Bitumen, December 1953, 204); that instance the 


material must have been flat and elongated, though possibly not large 
pieces. 


Means Minimizing Settlement 


Although some settlement rock fill unavoidable, means are available 
minimize it. 


Sluicing 


One the most important means for reducing settlement direct jets 
water, large quantities and under relatively high pressure, upon and 
against the rock being likewise the face the fill be- 
tween dumpings. The purpose cause the pieces rock come rest 
more nearly final position than would otherwise the case. the same 
time, such sluicing moves fine material (“fines”), of, say, in. and smaller, 
away from the contacts between larger pieces, thus general resulting 
more firm contacts. Sluicing usually done means nozzles moni- 
tors, very effective and general can hardly overdone. 

Some text books state that such sluicing done wash the fines into the 
interstices rock already placed. However, the authors suggest that such 
the result rather than the beneficial purpose sluicing. Actually, under 
Sluicing, these fines can not elsewhere than into such interstices and any 
resulting beneficial effect, concerns later settlement, best not im- 
portant degree. That is, the sluicing process can not expected com- 
pact these fines such extent that the result will resist materially, 
all, the settlement the surrounding rock fill. the other hand, the 
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construction Malpaso rock-fill dam, Peru, 1936, fine material (gravel and 
sand) was brought separately the damsite for the sole purpose being 
sluiced into interstices (Compressed Air Magazine, July, 1939). 


Limitation Proportion Fines 


Restriction the permissible amount fines rock-fill material very 
important. Whereas rock fill may expected have voids the order 
35%, the proportion fines the material clearly should far less; other- 
wise, reason intervening fines, the larger pieces rock may lack the 
desired direct contact with each other. 

Moreover, the combination excess fines and liberal sluicing may 
result the filling the lower interstices such extent and with sufficiently 
fine material bar least retard drainage within what should 
free draining rock fill. the case deck-type dam, there could thus re- 
sult the danger that water, draining from foundation rock abutments 
even leaking through the deck, would ponded upstream from such interior 
barrier and turn would cause reverse pressure, against the under side 
the deck, time when the reservoir drawn down. the case 
Montgomery dam, with the foregoing mind, was prescribed that limited 
thickness dumped rock, under and near the deck, should free material 
less than 3-inch size. Also positive, i.e., open-joint, pipe drainage was 
provided along and from the bottom that zone screened rock. 

Specifications for the body the rock fill should prescribe the maximum 
permissible proportion fines and provide positive means testing and en- 
forcing compliance. The specifications for the recently completed Mont- 
gomery rock-fill dam aimed limit the proportion fines (material 
less than 4-inch size), but the maximum tolerated 10%. There was liberal 
Settlement far has been gratifyingly low. 

Methods quarrying may greatly affect the proportionate product fines. 
Random blasting and some cases the coyote-hole method may result 
cheaper quarrying but not necessarily appropriate rock product. Blast- 
ing techniques worked out experimentally the specific quarry site and for 
the kind rock involved are more likely minimize the output fines. 

has been suggested that elimination excess fines remaining 
the run-of-quarry output might accomplished the use (dump) trucks 
with slotted bottoms, thus permitting fines shaken out the truck-loads 
enroute from quarry dumping site. However, the authors know in- 
stance where such method has been carried out. 


Supervision 


Because the very nature rock fill, the temptation assume that 
all that necessary, attain appropriate ultimate result, quarry, 
haul and dump the rock, together with such sluicing may prescribed. 
However, the rock piled the quarry bench not pre-tested, pre- 
examined frequently earth from borrow pits pre-graded are aggre- 
gates for concrete. All that known that the larger part the pile 
satisfactory and utilizable and that the rest, used, would toward 
inferiority. 

Clearly, therefore, the price good rock fill includes adequate super- 
vision and inspection, especially the quarry bench where loading trucks 
takes place and the dumping and sluicing locations. need hardly 


in- 
- 
> 
> 


690 STATISTICS 


suggested that such inspection least important during night shifts 
during day shifts. 


Special Compaction 


sense, rock fill, given sufficient time, especially under water load, 
self-compacting; yet, effort made minimize settlement, may 
become unduly or, extreme cases, intolerably large. 

the United States and Canada, rock fills for dams have been placed 
mainly relatively high stages lifts. Although economy construction 
enters, seems fair say that principal consideration the belief that 
construction high lifts conducive minimizing settlement. Without 
doubt, there results some compacting effect, due the longer distance 
roll the larger pieces rock down the face relatively high 

Then there are those who seek accentuate initial compaction means 
impact due greater height fall the rock, e.g., from loaded skips 
carried cableway. 

contrast, there are cases (largely European) where, apparently for the 
attainment like end, rock-fill placement relatively low lifts. Under 
that method, considerable compaction occurs within the shallow lift reason 
the repeated travel over the surface the lift layer heavily-loaded 
trucks, transporting rock the dump face. Given sufficient shallowness 
layer, would seem that vibratory rollers might effective for the purpose. 
(On the other hand, the resultant creation additional fines, due attrition, 
itself undesirable.) 

Various special means for obtaining initial compaction, least expedit- 
ing settlement, result additional cost which must weighed against the ad- 
vantage obtained. 

would interest and undoubtedly substantial help for future rock- 
fill dam construction discussions symposium papers were contribute 
pertinent information and views supplementing such may contained 
the individual papers. 


Diaphragm Flexibility—a Requirement 

Settlement rock fill can minimized but not completely eliminated. 
One must therefore reconciled deal with the effect such settlement 
does take place. Primarily this requires that the impervious diaphragm 
without danger rupture. 

Presumably the need for pertinent provision less the case rock-fill 
dams the central-core type than those the deck type. However, 
hereinabove indicated (Section B), least the cases central core-wals 
(material other than earth), the results have not always been satisfactory. 

the behavior central cores earth, information means 
extensive positive—largely because the core buried and there mani- 
festation behavior unless such unfavorable, let alone resulting failure. 

for decks, cracking other forms failure due insufficient flexi- 
bility are record the cases materials other than earth. Regarding the 
performance decks earth, particularly relatively thin earth-decks (slop- 
ing earth-cores), just the case central cores earth, little known 
the pertinent respect beyond the fact that there have been failures. 

Decks portland cement concrete undoubtedly have substantial flexibility 
where relatively small, jointed panels are used. Possibly the same true 
where there are used larger panels which are laminated, i.e., composed 
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thin slabs. the cases decks where comparatively thick slabs large 

area are used, question may arise. However, appears that such construc- 
tion has adequately met the needs the cases where used—due perhaps 
the fact that the slabs are underlain what are effect inclined walls 
dry rubble masonry. 

for the newer deck material, asphaltic concrete, experiments and ex- 
perience are believed warrant the view that, within reasonable limits 
temperature and deformation, that material will adjust itself flow, without 
rupture, maintain contact with its supporting base. 

relation the minimizing the effect settlement, too, hoped 
that discussion the symposium papers will bring out pertinent experience 
and facts, well views, not contained papers submitted. 


Dams Greater Height and Economy 


The following submitted way specific contribution toward the an- 
nounced purpose the symposium. 


Greater Height 
Dams given type and height having been constructed and operation 

successfully, may reasonably assumed that, under equally favorable 

conditions, dams like type and somewhat greater height may constructed 

and operated successfully. However, the greater the height for which there 

precedent, the more the need for caution taking the step still greater 

height—not overlooking the fact that general the greater the height dam, 
the greater the potentiality damage failure. 

Always there the necessity for careful analysis and comparison the 
pertinent conditions the site and otherwise affecting proposed dam 
unprecedented height with the corresponding conditions involved what 
assumed the precedent. the cases rock-fill are, among 
other such conditions, the hardness and toughness the available rock, the 
general shape the pieces fragments into which breaks under blasting 
and the proportion fines upon such breaking. This, however, not say 
that all cases all conditions for the dam greater height need favor- 
able those for the precedent. 

Such step step increase structure heights taking place the case 
the new form deck-type, rock-fill dam, with its deck solely asphaltic 
concrete. Thus, view the precedent, the 113-ft. Montgomery dam, 
Colorado, the authors have developed plans for such dam which have 
height 235 ft.—still low compared with the highest successful rock-fill 
dams. Construction being started this, the Smith Mountain dam for 
hydroelectric development Roanoke River Virginia. Meanwhile the 
authors are involved the consideration like dam probably some- 
what higher than 300 ft., which too would the eastern part the United 
States. 


Greater Economy 
Increasingly, rock-fill dams have become principal means for making 
feasible projects which otherwise would not so. 
turn, construction and economy rock-fill dams have been receiving 
impetus due the efficiency and economy equipment for loading and trans- 
porting loose rock. large part the manufacturers such equipment 
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whom the engineer must look for further improvement and economies. Be- 
cause the large quantities rock small improvements, re- 
ducing unit costs, will importance. 

The industrial law, almost axiom, that mass production makes for lower 
cost applies well rock-filldams. The authors are the view that the 
deck-type dam, when utilizing for the deck material other than earth and 
hence with the body comprised rock fill throughout, likely lower 
over-all cost than considerable part the cross-section were consist 
another material, such earth, posing its own problems. 

Obviously that view would not well-founded the cost the deck, 
material other than earth and therefore comprising inconsiderable part 
the total cross-section, were great offset the saving other 
respects. However, such appears not true, even the case p.c. 
concrete dam constructed upon base individually, and hence rather ex- 
pensively, placed rock. All the more not true deck asphaltic con- 
crete. That material was found substantially cheaper than any other for 
the deck the Montgomery rock-fill dam. believed that this would apply 
elsewhere. 

Montgomery dam the cost the asphaltic concrete deck, including all 
work above upstream from the rough face the rock fill, was 1956-7 
less than $14.00 per square yard. The asphaltic deck itself, approx. in. 
thick, placed four layers and involving about 27,800 square yards, was con- 
structed about two months. 

Much like the case regarding equipment used for handling rock fill, the 
great amount paving required for highways and airfields has encouraged 
manufacturers develop asphaltic-concrete, paving equipment which with 
great efficiency can pave continuously large areas short time. Adaptation 
thereof the placing asphaltic concrete slope has already been ac- 
complished several cases, though probably not yet the most efficient 
form. 

Likewise there have been developed mixing plants which, practically en- 
tirely wheels, can readily transported along highways and set re- 
moved short time; there are large enough for deck construction for rock- 
fill dams. believed that the further adaptation such paving and mixing 
equipment will result still greater economy. 


AND STATISTICS ROCK-FILL DAMS 


Listing and Statistics Rock-Fill Dams 


the course their studies rock-fill dams, the authors have accumu- 
lated mass information the subject. Part thereof appears the 
tabulations herewith. 

These tabulations were intended list, with certain standard data, all 
dams which, accordance with the proposed definition (see Section this 
paper), appear properly classed rock-fill dams. Application that 
definition has resulted elimination some dams which heretofore have 
been referred others “rock-fill” dams. Among the more important 
the eliminations are some Algerian dams individually placed rock 
rubble masonry and few others, the central earth-cores which appear 
exceed, cross-sectional area, the rock-fill portions the dams. 

There are two tabulations, the first comprising rock-fill dams the United 
States, the second those foreign countries. 
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Explanatory 
The following explanation the tabulations: 


Names dams are those presently used the owners. former years 
some were known another name. (Notably, Cogswell (formerly San Gabriel 
No. 2), Goose Neck (Cheeseman), Hillside (South Lake), Lake Fordyce (For- 
dyce), Lake Wohlford (Escondido), Mud Mountain (Stevans).) 


Streams and dam locations, State country, are shown. Abbreviations, 
such M.F., etc., preceding the name stream, indicate South Fork, 
Middle Fork, etc., that stream. 


Dams under construction are indicated “u.c.” some cases, the con- 
struction dams designated may actually have been completed. 


Proposed dams have been omitted, because published data are generally 
indefinite and some cases are lacking entirely. Moreover, the case 
any dam merely the study stage, there the possibility substitution 
different type dam. this respect, due advanced stages planning not 
known the authors, some the omissions may not justified. 


Dams which have failed have not been listed such. Many, not most, 
failures appear have been due inadequate spillway provision and not 
type dam other design features. 


Slopes upstream and downstream faces are shown. The respective 
figures indicate the ratios which the horizontal component given slope 
bears the vertical component. 

Where different slopes occur the same face, such are listed sequence 
from bottom top dam, separated commas, details 
tion which the change occurs. 

Under the caption applicable earth cores and earth 
decks, are listed the slopes the surfaces separation between the earth 
and the major rock fill fills. the cases central earth cores, the up- 
stream earth slopes are stated first, then, following the semi-colon, the 
downstream slopes. 

For central core-walls (other than earth) the sides which are vertical 
nearly so, the interior slopes are indicated with single figure, “0.0.” 

Berms have been disregarded, except affecting the average slopes. 


Height dam aimed the height feet the cross-section, the 
maximum section dam, defined Section This has not always been 
possible, due absence cross-sections the available descriptions; 
such cases the reported height was used. 


Type dam and form construction are indicated means symbols. 
Capital letters are used for the materials constituting the impervious parts 
diaphragms, while small letters are used for other materials, follows: 


Asphaltic concrete porous p.c. concrete 


Portland cement concrete rubble (dry) masonry 

Masonry set p.c. mortar 

Steel 

Wood 
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The sequence the symbols, from left right, conforms the sequence 
the materials the dam from upstream downstream. Thus, way 
example (with the numbers referring the cross-sections Fig. 1): 


asphaltic concrete deck rock fill (1). 

portland cement concrete deck, with rubble masonry, 
rock fill (1). 

central earth-core type rock-fill dam (4). 

earth-deck type rock-fill dam and 3). 


For p.c. concrete decks, differentiation made between decks 
various forms, such the laminated, sliding panel forms construction. 
the cases dams the earth-deck type, differentiation between the 
relatively thin, earth-decks and those which are relatively thick seemed ap- 

propriate. Both being indicated the symbol “Er,” such differentiation 
effected the addition asterisk where the dam the relatively thin, 
earth-deck type; thus—Er* 


Sources Information 


The information contained the tabulations has been obtained from great 
number engineering periodicals the United States and foreign countries, 
engineering hand-books, descriptive publications Federal agencies, Trans- 
actions International Congresses Large Dams, etc., etc. 

Particularly rock-fill dams foreign countries, the “Statistical Re- 
view Dam Construction,” Robert Sutherland, ASCE, (Proceedings, 
ASCE, Vol. 79, Separate No. 355, Nov. 1953) was helpful, though did not 
furnish details permitting checking type. Thus was not feasible every 
instance determine whether given dam, designated therein 
“rock fill-earth fill” dam, actually rock-fill dam according the 
definition proposed the authors. 

Likewise great help was the recently published “Register Dams the 
United States,” compiled Mermel, ASCE, for the United States 
Committee Large Dams. Taking advantage its listing the owners 
dams, inquiries for details were addressed the authors such owners. 

the whole, where inquiries reached them, the cooperation those owners 
was excellent; the authors gratefully acknowledge their assistance. 

some instances, disclosed data supplied the owners, designa- 
tions for dams listed the Register were found incorrect. Corrections 
this respect have been incorporated the pertinent tabulation. 

Statement the sources information has been omitted, for otherwise 
the tabulations would have become much longer. However, the authors will 
glad, upon request interested readers, supply for individual dams the 
references which were utilized. 


corrections and additional data, the authors wish 
express their gratitude the following engineers who responded the ap- 
peal for help contained the original paper: 
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van Asbeck, Shell Oil Co., Ltd., London, England. 

Benassini ASCE, Chf. Engr., Ministry Hydr. Resources, Mexico, 
D.F., Mexico. 

Caine, Senior Designing Engr., Melbourne and Met. Bd. Works, 
Melbourne, Victoria, Australia. 

Coumoulos, Design Engr., Athens, Greece. 

Farr, Proj. Designing Engr., Toowoomba City Council, Toowoomba, 
Queensland, Australia. 

Hoffman (M. ASCE), Bur.of Reclamation, Denver, Colo., U.S.A. 

Hogestol, Chf. Engr., Aura Power Sta., Sunndalsora, Norway. 

Kjaernsli, Norwegian Geotechnical Inst., Oslo-Blindern, Norway. 

Mortley, Chf. Investigation Engr., Irrig. and Water Supply Comm., 
Brisbane, Queensland, Australia. 

Nimmo (M. ASCE), Engr. Consultant the Gov. Queensland, Bris- 
bane, Queensland, Australia. 

Nonveiller, Engr., Zagreb, Yugoslavia. 

Poe, Chf. Tech. Information Branch, Bur. Reclamation, Den- 
ver, Colo., U.S.A. 

Speedie (M. ASCE), Asst. Chf. Designing Engr., State Rivers and 
Water Supply Comm., Melbourne, Victoria, Australia. 

Taylor (A.M. ASCE), Senior Civ. Engr., Société Traction 
D’électricité, Brussels, Belgium. 

Director Water Affairs, Pretoria, Union South Africa, 

Robert Koch, Proj. Engr., Kaiser Engrs., Oakland, Calif. 


| 
f 
> 


STATISTICS 


TABLE 1.—ROCKFILL DAMS 


Slopes 
Name of Down- 
river (creek stream 
Name of dam in feet; where stated) wat face 
ALPINE - 0.28 
ASHTON 0.75 1.25 
BARRE FALLS 1.3 2.00 
BEAR CREEK E.F., Tuckasegee 1.3 1.30 
BEAVER CREEK Beaver Creek — 1.7 - 1.2 d 
BEAVER PARK Beaver Creek cae 0.5 - 1,5,0.5 
BELDEN N.F., Feather com 2.5 0.5;0.1 2.0 
BONITA Rio Bonito N Mex. 1.17 - 1.4 
BOWMAN (North) Canyon Creek om 0.75,0.50 - 14 
BROWNLEE Snake ad 3.0 1.37 14 
BUCKHORN M.F., Kentucky ene 2.5 9.33;0.33) 2.5 
BUCKS CREEK Bucks Creek calif. 1.4 - 1.5 
BULL CORRAL Huerfano Creek —" 1.0 - 1.25 
CAGLES MILL Mill Creek ina 2.0 0.5;0.5 2.00 


CALISPEL N.F., Calispel Cr. 


CEDAR CLIFF 


E.F., Tuckasegee 


CHATWORTH PARK Mormon Creek 


CHERRY VALLEY Calif. 2.0 0.75;0.75; 2.0 


Cherry 


CHILHOWE Tenn. 2.2 1.3 1.3 


Little Tennessee 


CHRISTIAN VALLEY 8.F., Dry Cr. 


CLEAR LAKE Lost 


COGSWE LL W.F., San Gabriel 


COUGAR 


S.F., McKenzie 


COURTRIGHT Helms Creek 


CRANE VALLEY 


N.F., San Joaquin 


CUCHARAS Cucharas 


DALLAS Columbia 


DAVIS Colorado 


DIX RIVER Dix 


DREW Drew Creek 


E+ GLE GORGE 


EAST CANYON 
EAST FORK 


FISH LAKE 


FOURMILE LAKE Fourmile Creek 


GLASIER LAKE Rock Creek 


GOOSE NECK 


8.F., South Platte 


HELLS CANYON Snake 


HILLSIDE 


8.F., Bishop Cr. 


HORSESHOE Verde 


INLAND Warrior 


LAKE FORDYCE 


Fordyce Creek 
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62 1922 
165 1952 
1896 
Calif. 0.5 1.25 
1916 
3.0 1.0 1.5 
| 39 | 1910 
255 1935 1.25 
445 uc. 
1958 
145 1910 
125 1911 
295 1957 2.0 
138 1950 3.0 2.5 
Kentucky 1.4,1.0 
275 1925 
1912 
rEr Green Wash. 2.15 1.3 
230 1957 
rASAr | East Canyon Creel Utah 1.25 0.0 2.1 
Er* E.F., Tuckasegee 2.2 1.3 1.3 
135 1955 
a Er | Fish Lake Oregon 3.0 1.25 1.25 
1956 
0.5 1.25 
1922 
Montana 1.0 1.5 
1937 
210 1900 
Idaho 2.5 1.4 
320 1958 
1904 
194 1945 0.25 
1938 
Cor Calif. 1.0 1.3 
130 1926 
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Name of 
river (creek 
Name of dam where stated) 


LAKE WOHLFORD 


San Elijo Creek 1.25,1.0 
LEMOLO #1 North Umpqua 1.3 
LEROY ANDERSON Coyote Creek 0.75;0.75 2.5 
LEWIS SMITH Sipsey Fork of 1.0 1.3 
1 Warrior 

LITTLE HELL CREEK Little Hell Creek 2.0 
LOWER BEAR RIV. #1 Bear 1.4 
LOWER BEAR RIV. #2 Bear 14 
MEADOW LAKE N.F., Mokelumne 1.0,0.5 
MINIDOKA 1.25 
MONTGOMERY 
MORENA 
MUD MOUNTAIN 

NANTAHALA 

ONEONTA 


OxXBOW 


PARADISE Little Butte 


PELTON REGULATION Deschutes 


East Beaver Cr. 


PLEASANT VALLEY ? 


QUEENS CREEK Queens Creek 


RELIEF Relief Creek 


RHINEDOLLAR Leevining Creek 


SABRINA LAKE M.F., Bishop Cr. 


SADDLE BAG 


Leevining Creek 


SALT SPRINGS N.F., Mokelumne 


SAN GABRIEL #1 San Gabriel 


SAWMILL LAKE Canyon Creek 


SKAGUAY Beaver Creek 


SLY PARK 


Sly Park Creek 


SMITH Trinchera Creek 


STRAWBERRY 8.F., Stanislaus 


SWIFT Birch Creek 


TENNESSEE CREEK E.F., Tuckasegee 


THOMASTON 


Naugatuck 


THREE LAKES Bucks Creek 


TIOGA LAKE Leevining Creek 


TRINITY Trinity 1.0; 
0.75 


0.25;0.25 


TUTTLE CREEK Big Blue 


UPPER BEAR RIVER Bear 


WATAUGA Watauga 


K.F., Kings 
Wolf Creek 


0.85;0.85 


WISHON 


WOLF CREEK 


| Type | Location Slopes 
and year Up- Down- | 
face face 
200 
170 u.c. 
J Calif. 3.0 1.0;1.0 2.0 
| 140 1956 
| Oregon 14 0.2;0.2 14 
q 80 1958 
PENROSE-ROSEMONT | SMmr| Colo, 0.5 - 14 
100 1932 
eC Utah 3.0 0.75 1.5 
1927 
N.C. 2.0 1.3 
| 78 | 1949 
Calif. 0.75 - 1.25 
30 1928 
1910 
Wmr | Calif. 0.75 - 1.25 
1921 
1931 
Calif. 3.0,1.3 1.2 3.0 
1938 
Calif. 1.0 1.0 
| 55 | 1910 
70 1901 
| rEr | Calif. 2.5 1.0;0.8 2.0 
180 1955 
1916 
1.2,1.0 
| 150 | 1916 
1914 
185 1955 
| Conn. 2.0 1,.4;0.25 1.5 
142 u.c, 
ee Calif. 1.25 - 1.5 
1896 
1928 
2.5 
Calif. 0.75,0.5 ~ 1.3,0.5 
1932 
Tenn. 2.0 2.0 
28 1949 
Cmr Calif. 1.3,1.2, 14 
270 1958 
Er N.C. 2.2 1.3 1.3 
185 1955 
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AGOSTITLAN 
ALPE-CAVALLI 
AMBUKLAO 
AURSJO 
BEAUFORT WEST 


COGOTI 
CODELAGO 
COOBY CREEK 
CUARENTA 


GLENBAWN 


GOSCHENEN 


GUADALUPE 
GUADALUPE 
HANABANILLA 


HENNE 
HIGH ASWAN 
HIRFANLI 


LA CONCEPCION 
LA ESPERANZA 


STATISTICS 


TABLE 2.—ROCKFILL DAMS 


1.38 
1.40 


1.0 
2.25 
1.0;1.0 


1.0 
0.5;0.5 


0.2;0.2 


Location hopes 
Name of and year Down- 
river (creek of comple- stream 
Name of dam where stated) ton face 
rEr | Agostitian Cr. Mexico 2.0 0.75;0.75 2.0 
92 1954 
Cm | Loranco Italy 0.7 - 1.33 
136 1926 
rEr | Agno Philippines 2,0,1.75 0.25; 
420 
WaAWcemr | Aura Norway 1.38,1.24, - 
123 1987 1.1,1.0 
Cmr | Gamka U. of 8. Africa 1.25 - 
185 1955 
BEKSIMIS Er* | Bersimis Canada 2.5,2.0 1.38 
200 1987 
BIA Cmr | Lafira Belgian Congo 12 - 
62 1950 
BOU-HANIFIA CAr | Oued El Algeria 0.8;1.0 - 1.33 
175 | Hammam 1943 
CARITAYA CAcmr | Caritaya Chile 1.5 - 1s 
125 1935 
CHARCAS Cmrm ? Mexico 1.28 - 4 
49 1933 
CHIHUAHUA rEr | Chuviscar Mexico 
7 151 uc. 
Cr | Huatulame Chile 
245 1939 
MAMrm ? Ttaly 
64 1893 
Cmr | Cooby Creek Australia 
100 1941 
rEr | Lagos Mexico 
138 1949 
4 DANXHO rEr | Coscomate Mexico 
103 1949 
DERBENDI KHAN rEr | Diyala-Sirwan Irac 
410 wc. 
DESROC HES Er* | Desroches Canada 
200 1957 
DEVERO AMmrm ? Maly 
1921 
EILDON (New) rEr | Goulburn Australia 2.5 0.6;0.75 2.5 
260 1956 
EL TINTERO rr | Santa Maria Mexico 2.0 1.0;0.75 2.0 
184 1950 
EL TUNAL rEr | Tunal Mexico 2.0 0.6;0.6 2.0 
204 wc. 
FURNAS Er | Rio Grande Brazil 2.0 0.5 1.60 
304 uc. 
GENKEL Ar | Genkel Germany 2.25 - 1.75,1.5 
140 1952 
GHRIB CAr | Qued Algeria 0.67+0 - 1.25 
213 | Cheliff 1932 1.0 
a rEr | Hunter Australia 4.0,3.0 1.0; 5.0, 
251 1957 1.0 3.5,2.5 J 
Pe rEr | Goeschen- Switzerland 3.0, 0.15; 2.0, 
510 | ereuss 1960 2.63, 0.15 14 
2.0 
Ecr | Guautitlan Mexico 2.0 3.0,1.3 
92 1947 
rEr }Papigochic Mexico 2.0 2.0 
131 uc. 
rEr | Hanabanilla Cr. Cuba 2.0 2.0 
1” 1987 
HARSPRANGET rECEr | Stora Lule Sweden 1.6 0.0 1.5,1.0 
168 196: 
Ar | Henne Germany 2.28 1. 75,1.5 
200 1984 
rEr | Nile Egypt 
361 uc. 
1 Er* | Kisil irmak Turkey 24,13 13 13 
263 1958 
HUICHAPAN Cmr | Hondo Mexico 12 - 
1” 1939 
HUITZUCO rEr | Buitzuco Mexico 2.0 D.75;0.75 2.0 
wc, 
IRIL-EMDA CAcr |Qued Agrioun Algeria 1.6 - 4 : 
246 1984 
ISHTBUCHI Cmr Japan 14,13, - 14 
172 1963 
JYLHAMA rEWEr |Oulujoki Finland 2.5 0.0 2.5 ' 
48 1949 
4 KAJAKAI rEr |Helmand Alghanistan 2.5 p.4;0.0 2.0 
328 19% 
| KALKFONTEIN Cmr [Riet U. of 8. Africa 1.20 - 10 
13 1938 
KARACHUNOVSKIA Cmr ? Russia 1.26,1.1, - 1.5 
{ KENNY Er* |Nechako Canada 2.5 1.37 1.78 
324 1962 
rEr |Tepotzotian Mexico 2.5,2.0 0.75; 12.5,2.0 
128 1949 0.75 
Cmr /[Tulancingo Mexico - 
88 1043 
LAGARTUO Sr jLagartijo Venezuela 1.5 
1988 
LA JOLE Wr /8. F., Canada 1.2,1.2 - 1.5 
285 [Bridge 1955 1.1,1.0 
LASELE rEr Sweden 2.0 0.3;0.3 2.0 
1987 
LA SOLEDAD rEr [Gansta Ane Mexico 2.0 0.5;0.5 2.0 
181 1965 
LAUGHING JACK Er* [Powers Cr. Tasmania 1.33 1.33 1.33 
0 1967 
LA VEGA rEr ci Mexico 2.0 p.75;0.75 | 2.0 
1986 
LE MARINEL Br* jLualabe Beigtan Congo 2.7, 1.0 13 
230 1985 1.4 
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IN OTHER COUNTRIES 


0.10.0 


0.17; 
0.17 
0.0 


1.65 


15 


0.85 1.75 


MIGUEL ALEMAN 1.0;0.75 
MOSSEL RIVER 
MT. BA 


NOZORI 
1.40 


1,11,1.0 
1.5,1.0 


PEGO DO ALTAR 
PENA BLANCA 
PENA DEL AGUILA 
PERSEVERANCE 


RUST DER WINTER 
SAN ILDEFONSO 


SONGA 
SONGA 
TACOTAN 
0.75 


2.0,1.5 


VALSEQUILLO 
VRLA 
WAYATINAH-B 


Location Slope; 
Name of and year U Down- 
river (creek of comple- stream ; 
Name of dam where stated) tion face 
LEOBARDO FEr | Lazos Mexico 2.25 1.0;0.75 2.0 
131 1949 
LIGGA rEr | Stora Lule Sweden 16 0.5;0.5 18 
120 1964 
LOKVARKA | Lokvarka Cr. Yugoslavia 1.86 0.8;0.0 1.0 
160 1985 
. MADERO cr ? Mexico 1,20 - 4 
1938 
MAKIO rEr | Kiso Japan 3.0,2.0 0.2; 3.0,2.0 4 
266 wc. 0.2 
MALPASO CMmr | Mantaro Peru 0.50 - 1.8,1.33 
255 1936 
MANUHERIKIA CMmc | Manuherikia New Zealand 1.5,1,25 - 1.5 
110 
MARMORERA rEr Switzerland 3.0, 2.0 
292 19% 2.25 
MARY KATHLEEN Cmr | Corella Australia 13 - 13 
1956 
MELTON ? Australia 2.0 2.0 
116 1916 
MESSAURE rEr | Lale Sweden 2.0, = 
330 u.c, 1.75 a 
MIDSKOG FORSEN ? Sweden 2.0 
92 1944 
MIBORO Er* |Sho Japan 2.5 
415 we. 
2.0 
- 4 
- 1.38 
OUED-KEBIR rCmr |Qued-Kebir Tunisia 0.0 1.5,1.0 
118 1925 
PARADELA Cmr [Cavado Portugal 13 1s 
‘367 1956 
PARRAL r&r }Parral Moxico 2.0 1.6;1.6 2.0 
SWAmr |@ado Portugal 1.25 14 
213 1949 
rEr |Teposan Mexico 2.0 0.75;0.75 2.0 
98 1958 
rEr }Sauceda Mexico 2.0 1.0;1.0 | 2.0 
82 19054 
Er*- [Perseverance Cr.| Australia 2.5,2.0, 13 13 
175 uc. 14 
PERUCA rEr (Cetin Yugoslavia 1.45 0.1;0.0 1.56 
200 1988 
PINZANES Cmr ngambato Mexico 1.2 - 13 
220 1956 
PRESIDENTE ALEI rEr [Tonto Mexico 2.5 D.75;0.75 1.75 
249 1955 
PRINS Cmr | Prins U. of 8. Africa 1.26 - 
113 1913 
QUIROZ rEr pillico Peru 2.5 ? 2.5 
164 1988 
QUOICH Cmr [Loch Quoich ‘Scotland 13 - 14 
110 1986 
ROCKY VALLEY rEr [Rast Kiewa Australia 3.5,2.0 0.8; 2.0 . 
100 1987 0.8 
ROTGULDEN Ar Rotgu Cr. Austria 1.25 1.0 2.0,1.25 
1988 
Cmr [Eland U. of 8. Africa 1.20 - 1.40 
Cmr | Prieto Mexico - 
203 1942 
SANTO TOMAS rEr |Ixtapandel Oro Mexico 1.75 141 
171 1956 
SILLRE gr ? Sweden 2.0 1.6 
26 1933 
' SILV ERWOOD rECr [Rosenthal Cr. Australia 15 1.2;0.0 2.0 
0.85; 145 
0.0 
0.8;0.1 1.8 
0.8;0.1 1.6 
0.8; 3.0,2.0 
- 14 
137 1934 
TORPSHAMMAR Sweden 0.0 15 
3 1943 
‘TRANGSLET Er Sweden 2.5 13 13 
400 uc. 
TUSTERVATN rEr fRo Norway 2.0 0.1;0.1 2.0 
60 1957 
UPPER YARRA rfr Australia 3.5,3.0, 0.0; 3.5,3.0, 
293 1987 2.5,2.0 [1.0,0.3 [2.5,2.0 
UREPETIRO rEr pales Mexico 2.0 0.50.5 [2.0 
92 uc. 
Mexico 
260 1946 
CAmr Yugoslavia 1.5 
82 1955 
Er Tasmania 1.5 1.33 1.33 
65 1987 
ZUCUIRAN Cmr Mexico 14,13 - 14 
161 1987 
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DISCUSSION 


cellent analysis the basic features and types of, and statistics on, rockfill 
dams. 

The paper notes that “Constructed expedients during pioneer days the 
West, several those early, though smaller, rock-fill dams remain 
functioning monuments ingenuity and engineering enterprise.” This true. 
However, should not deduced therefrom that these early dams were born 
“out the blue”. entirely probable their line descent from the 
rock-fill timber-crib dams which the early comers eastern North America 
built assist logging operations. Some these reached the notable heights 

The authors have provided excellent classification rock-fill and earth- 
fill dams but questionable the use the terminology “deck type” 
sound. The accepted meaning the word “deck” platform covering 
extending horizontally across vessel. While there are variants meaning, 
depending the country, the concept applied rock-fill dams wrong. 

suggested “membrane” more correctly applicable those rock-fill 
dams which the authors have classified deck type. 

particularly interesting note the authors have suggested that 
elimination excess fines remaining the run-of-quarry output might 
accomplished the use (dump) trucks with slotted bottoms, thus per- 
mitting fines shaken out the truck loads route from quarry dump- 
ing site.” Certainly the selective dumping quarry-run rock relatively 
ineffective and decidedly uneconomic means eliminating deposition 
fines, although ample properly-directed high-pressure sluicing can long 
way towards overcoming settlement trouble arising from excess fines. 


ROBERT A.M. authors are congratulated for 
their informative paper which constitutes very useful source reference for 
engineers seeking statistical data rockfill dams. The list “Rockfill 
Dams other Countries” presented the authors most comprehensive. 
However, difficult make complete list and the writer has submitted 
some additional data which includes some major dams. 

The organization with which the writer associated presently engaged 
the design the 370 high, 10,500,000 central-core Akosombo rock- 
fill dam connection with the Volta River Hydroelectric Project for the 
Government Ghana. This the dam listed the authors their paper 
Volta Dam. the course research other major rockfill dams, certain 


Chf. Engr., Power Dept., Aluminium Labs. Ltd., Montreal, Canada. 
Hydro-Power Engr., Hry. Constr. Div., Henry Kaiser Co., Oakland, 
Calif. 
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supplementary statistics the authors’ list “Rockfill Dams other Coun- 
tries” were gathered. These are presented herewith: 


Name Dam Total Volume Embankment, 
Yards 

Bou -Hanifia 1.0 
Furnas 12.0 
Ghrib 0.9 
Goschenen 11.7 

High Aswan 

Joie 3.7 
Marorera 3.5 
Messaure 14.0 

Pego Altar (Salazar) 0.5 
Pinzanes 0.5 
Valsequillo 1.0 


interest note that present planning create two the world’s 
largest man made reservoirs with rockfill dams: 120,000,000 acre-feet 
Akosombo, and 105,000,000 acre-feet High Aswan. Akosombo Dam not 
included the list because not yet under construction. 

Although the additional dams supplied the writer qualify 
the basis the authors’ proposed definition (that rockfill dam one 
which least half the material the maximum cross section comprised 
loose rock placed dumping), the writer feels that most engineers would 
prefer the definition whereby rockfill dam one which relies dumped 
rock major structural element. 

The writer gratefully acknowledges the cooperation the engineers from 
foreign countries who some the data presented the authors. 
The writer also wishes thank his colleagues Lee Worth and Cooke for 
supplying him with drawings and information pertaining number the 
dams. 
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JOHN ASCE, F.W. SCHEIDENHELM, and ARTHUR 
writers are pleased with the response their 
paper, particularly from abroad. They had expected, however, some comment 
and suggestions regarding their definition what constitutes rockfill dam, 
distinguished from dams which earth used conjunction with rock- 
fill. Thus, until further developed others, the writers assume that their 
definition has been acceptable the engineering profession, wit: 


rockfill dam one which least half the material the maximum 
cross-section comprised loose rock placed dumping. 


Mr. Lawton objects the use the name “deck” for the impervious cover 
rockfill and suggests that named “membrane.” The word “deck” 
was selected from series names, all applicable (including membrane), 
used various times others. seemed that the word “deck” was the most 
suitable and had, moreover, the appeal brevity; they would like retain it. 

However, should appear future dam literature that engineers, who 
actually work with this type dam, find better name than “deck,” the 
writers will glad agree substitution. 

explained the original paper, the writers sought bring, with their 
definition rockfill dams, some order into the confusing nomenclature appli- 
cable dams, which, necessity, must contain, besides rockfill, second 
material form the water barrier. 

For example, adam consisting 65% earth and 35% rockfill should not 
termed rockfill dam, for one would deny that the not 
major structural element” that dam onwhich reliance placed. Mr. Koch’s 
proposal is, therefore, surprising, even though claims interpret the pre- 
ferences “most engineers,” 

The writers agree with Mr. Koch that “it difficult make complete 
list” and thank him for his additions. However, attention must called 
few apparent 

Bon-Hanifia and Ghrib Dams.—These two dams are not rockfill dams, 
neither Mr. Koch’s nor the writers’ definition.? The deck both dams, 
constructed steeply inclined wall masonry set cement mortar, con- 
sists two layers porous concrete separated about in. asphaltic 


concrete.10,11 Accordingly, the symbol for each these two masonry dams 
should rather than CAr. 


Cons, Engr., East Chatham, 

Cons, New York, (Deceased). 

Cons. Engr., New York, 

Engineering News-Record, 119, 1937, 891 and Vol. 120, 1938, 751. 

“Rockfill Dams: Montgomery Dam With Asphaltic Concrete Decks,” Sch- 
eidenhelm, John Snethlage, and Arthur Vanderlip, Transactions, ASCE, Vol. 125, 
Part II, 1960, 

Bitumen, German Asphalt Assoc., January, 


| 
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Furnas Dam.--A James Libby shows cross section the 
Furnas Dam that indicates the height the dam 102 about 335 ft. 

Goschenen Dam.--From available proposed cross section this 
seen that the height the main body the dam, resting gravel and 
boulders left place, about 300 ft; the central earth core, going down 
rock, shown with height about 395 ft. Perhaps, however, the design 
has been changed since the initial announcement. 

LaJoie Dam.—The steepness the upstream face, listed Mr. Koch, 
indicates the presence least rubble masonry wall. The symbol could, 
therefore, Wmr, rather than Wr. 


«Furnas Hydroelectric Project,” James Libby, Proceedings, ASCE, Vol. 
86, No. April, 1960, 
Water Power, February, 1955, 


t 
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TRANSACTIONS 


THE 


AMERICAN SOCIETY CIVIL ENGINEERS 


INDEX 
VOLUME 125, PART 
1960 


SuBJECT PAGE 706 
AUTHOR INDEX, PAGE 711 


Titles papers are quotation marks when given with the 
authors name. 


VOLUME 125, PART 


SUBJECT INDEX 


ASPHALT 

Dam with Asphaltic Con- 
crete Deck,’’ Scheidenhelm, 
John Snethlage, and Arthur 
Vanderlip (with discussion), 431. 

CONSTRUCTION 

Sloping Core Torald 
Mundal (with discussion), 520. 

Valley Central Core 

Getts (with discussion), 336. 

Closure Dam,’’ Robert Pope 
(with discussion), 473. 

River Dam,’’ Lewis Schmidt, Jr. 
(with discussion), 

Concrete Face Luis 
Henrique Gomes Fernandes, Edgard 
Oliveira, and Nuno Vasconcelos 
Porto (with discussion), 365. 

Springs and Lower Bear River Con- 
crete Face Steele and 
Cooke (with discussion), 74. 

and Courtright Concrete Face 
Barry Cooke (with dis- 
cussion), 587. 

CORROSION AND PROTECTION 
METALS 

Faced Dam,’’ James Sherard, 
465. 

DAMS, ROCKFILL 

Patterson and Mac Donald (with 
discussion), 

Sloping Core Dam,’’ Torald 
Mundal (with discussion), 520. 

Valley Central Core 

Getts (with discussion), 

and San Gabriel 
Paul Baumann (with discussion), 29. 

Compressibility rockfills, 141, 155. 

Closure Dam,’’ Robert Pope 
(with discussion), 473. 

with Sloping Earth 
James Growdon (with discussion), 
207. 

Khan Dam,’’ Calvin Davis 
(with discussion), 635. 

and Construction 
Bleifuss and James Hawke 
(with discussion), 275. 

Cougar Central Core 

Paul Thurber (with discussion), 660. 


River Dam,’’ Lewis Schmidt, Jr. 
(with discussion), 

Treatment Paradela 
Walter Weyermann (with dis- 
cussion), 419. 

Central Core Dam, Afghan- 
Glenn Sudman (with dis- 
cussion), 301. 

and Cheakamus William 
Huber (with discussion), 255. 

No. Dam,’’ Boyle and 
Barrows, 322. 

Listing, with statistics, 81, 696-699. 

Dam with Asphaltic Con- 
crete Deck,’’ Scheidenhelm, 
John Snethlage, and Arthur Van- 
derlip (with discussion), 431. 

Mountain Allen Cary 
(with discussion), 

Sloping Core James 
Growdon (with discussion), 

Concrete Face Luis 
Henrique Gomes Fernandes, Edgard 
Oliveira, and Nuno Vasconcelos 
Porto (with discussion), 365. 

James Growdon, (with discussion), 
237. 

and Statistics,’’ John Sneth- 
lage, Scheidenhelm, and Arthur 
Vanderlip (with discussion), 

“Salt Springs and Lower Bear River Con- 
crete Face Steele and 
Cooke (with discussion), 74. 

Sluicing effects, 139, 

Dam,’’ James Sherard, 
465. 

Central Core Dams,’’ George 
Leonard and Oliver Raine (with 
discussion), 190. 

Types rockfill dams, 681. 

and Courtright Concrete Face 
Barry Cooke (with dis- 
cussion), 587. 


DAMS, ROCKFILL (Geographical) 


Afghanistan 
and Construction 
Bleifuss and James Hawke 
(with discussion), 275. 
Central Core Dam, Afghan- 
istan,’’ Glenn Sudman (with dis- 
cussion), 301. 


; 


SUBJECT INDEX 


DAMS, ROCKFILL (Geographical)(continued) 


Algeria 
Bou Hanifia dam, 142, 440. 
Ghrib dam, 441. 
Iril-Emda dam, 441. 
dam, 441. 
Australia 

Corella River dam, 620. 

Leichhard River dam, 620. 
Brazil 

Furnas dam, 584, 

Stacked filter Brasilia, 360. 
British Columbia 

and Construction Problems,’’ 
Bleifuss and James Hawke 
(with discussion), 275. 

and Cheakamus 
William Huber (with discussion), 
255. 

Joie dam, 297. 

California 

“Cherry Valley Central Core 
Getts (with discussion), 336. 

Cogswell dam, rainfall, 141. 

and San Gabriel Dams,’’ 
Paul Baumann (with discussion), 29. 

Four dams compared with Paradela, 

Barrow, 322. 

Springs and Lower Bear River 
Concrete Face Steele 
and Cooke (with discussion), 

Salt Springs settlement, 266. 

San Gabriel No. settlement, 296. 

and Courtright Concrete Face 
Barry Cooke (with dis- 
cussion), 587. 

Canada 
Bersimis dam, 547. 


Patterson and Mac Donald(with 


discussion), 
Chile 
Caritaya dam, 440. 
Cogoti dam during earthquakes, 296. 
Colorado 


Dam with Asphaltic Con- 


crete Deck,’’ Scheidenhelm, 
John Snethlage, and Arthur 
Vanderlip (with discussion), 431. 
Dam,’’ James Sher- 
ard, 465. 
Germany 
Amecher dam, 441. 
Genkel dam, 441 
Henne dam, 441. 
Schevelinger dam, 441. 
Turawa dam, 442. 
Idaho 
Sloping Core Tor- 
ald Mundal (with discussion), 520. 
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Iraq 
Davis (with discussion), 635. 
Italy 
Diga Codelago dam, 440. 
Fedaia dam, 441. 
Japan 

Ishibuchi dam, 119. 

Makio dam, 654, 

Miboro dam, 551. 

Nozori dam, 

Kentucky 

River Dam,’’ Lewis Schmidt, 
Jr. (with discussion), 

Listing, with statistics, 81, 696-699. 
Mexico 

Pinzanes dam, 116, 
New Mexico 

Dam,’’ James Sher- 
ard, 465. 

North Carolina 

with Sloping Earth 
James Growdon (with discus- 
sion), 207. 

Sloping Core 
James Growdon (with discus- 
sion), 

James Growdon (with discus- 
sion), 237. 

Oregon 

Sloping Core Tor- 
ald Mundal (with discussion), 520. 

Closure Dam,’’ Robert 
Pope (with discussion), 473. 

Cougar Central Core 
Dam,’’ Paul Thurber (with discus- 
sion), 660. 

Philippine Islands 

Binga dam, 231. 

Portugal 

Treatment Paradela 
Dam,’’ Walter Weyermann (with 
discussion), 419. 

Concrete Face Luis 
Henrique Gomes Fernandes, Edgard 
Oliveira, and Nuno Vascon- 
celos Porto (with discussion), 365. 

Paradela lateral movement, 266. 

Salazar dam, 397. 

Vale Gaio dam, 441. 

Scotland 
Quoich dam, 136, 
South Africa 
Mulungushi dam, 
Sweden 
Messaure dam, 
Trangslet dam, 564. 
Switzerland 
Goschenen dam, 575. 
Tennessee 


James Growdon (with discussion), 237. 
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DAMS, ROCKFILL (Geographical)(continued) 

Central Core Dams,’’ George 
Leonard and Oliver Raine (with 
discussion), 190. 

Turkey 
Hirfanli dam, 227. 
Venezuela 

Dam,’’ James Sher- 

ard, 465. 
Washington (State of) 

Mountain Allen Cary 

(with discussion), 183. 
Yugoslavia 
dam, 441. 
DAMS, ROCKFILL (Name) 
Amecher 
Asphaltic concrete deck, 441. 
Arghandab 
Diversion flow, 286. 
Bear Creek 

“Dams with Sloping Earth 
James Growdon (with discus- 
sion), 207. 

James Growdon (with discussion), 

Bersimis 
Sloping Core Dams,’’ 
Patterson and Mac Donald 
(with discussion), 488. 
Constructed difficult site, 547. 
Binga 

Sloping core dam, 231. 
Bou-Hanifia 

Asphaltic concrete, 440. 

Compression rockfill, 142. 
Brownlee 
Sloping Core Tor- 
ald Mundal (with discussion), 520. 
Settlement data, 559. 
Stability analysis, 547. 
Bucks Creek 

Thin placed rock, 77. 
Caritaya 

Asphaltic concrete deck, 440. 
Cedar Cliff 

with Sloping Earth 
James Growdon (with discus- 
sion), 207. 

James Growdon (with discussion), 
237. 

Cheakamus 

and Cheakamus 
William Huber (with discussion), 
255. 

Settlement and leakage, 274. 

Cherry Valley 

Valley Central Core Dam,”’ 
Getts (with discussion), 336. 


Chilhowee 

with Sloping Earth 
James Growdon (with discussion), 
207. 

James Growdon (with discussion), 
237. 

Cogoti 
Earthquake’s effect, 296. 
Cogswell 

and San Gabriel 
Paul Baumann (with discussion), 29. 

Rainstorm’s effect dam, 141. 

Settlement and cracking San Gab- 
riel No. 297. 

Corella River 

Water-supply dam, 620. 

Cougar 

Cougar Central Core 
Paul Thurber (with discus- 
sion), 660. 

Courtright 

Comparison with Paradela, 393. 

Settlement data, 632. 

and Courtright Concrete Face 
Barry Cooke (with dis- 
cussion), 587. 

Dalles Closure 

“Dalles Closure Dam,’’ Robert 

Pope (with discussion), 
Derbendi Khan 
Davis (with discussion), 635. 
Diga Codelago 
Asphaltic concrete deck, 440. 
Dix River 

River Dam,’’ Lewis Schmidt, 

(with discussion), 
East Fork 

with Sloping Earth 
James Growdon (with discus- 
sion), 207. 

James Growdon (with discussion), 
237. 

Vado 
Dam,’’ James Sher- 
ard, 465. 

Fedaia 

Asphaltic concrete deck, 441. 
Fordyce 

Dumped rockfill, 77. 
Furnas 

Composite fill-type structure, 584. 
Genkel 

concrete deck, 441. 
Ghrib 

Asphaltic concrete deck, 441. 
Goschenen 

Thin central core, 575. 
Henne 

Asphaltic concrete deck, 441. 
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DAMS, ROCKFILL (Name)(continued) 


Hirfanli 

Sloping Core dam, 227. 
Iril-Emda 

Asphaltic concrete deck, 441. 
Ishibuchi 

Concrete face dam, 119. 
Kajakai 

and Construction 
Bleifuss and James Hawke 
(with discussion), 275. 

Central Core Dam, Afghani- 
stan,’’ Glenn Sudman (with discus- 
sion), 301. 

Kenney 

with Sloping Earth Cores,’’ 
James Growdon (with discussion), 
207. 

and Construction 
Bleifuss and James Hawke 
(with discussion), 275. 

and Cheakamus 
William Huber (with discussion), 
255. 

Settlement data, 268. 

Joie 
Timber facing, 297. 
Leichhard River 
Water-supply dam, 620. 
Lemolo No. 

and Barrows, 322. 

Listing, with statistics, 81, 696-699. 
Lower Bear River 
Comparison with Paradela, 393. 
Springs and Lower Bear River 
Concrete Face Steele 
and Cooke (with discussion), 74. 
Statistical data, 590. 
Makio 

Thin central core, 654. 
Meadow Lake 

Rehabilitation face, 76. 
Messaure 

Thin central core, 576. 
Miboro 

Sloping core dam, 551. 
Montgomery 

Dam with Asphaltic Con- 
crete Deck,’’ Scheidenhelm, 


John Snethlage, and Arthur Van- 


derlip (with discussion), 431. 
Morena 
Large rock pieces, 60. 
Mud Mountain 
(with discussion), 
Mulungushi 
Asphaltic concrete deck, 441. 
Nantahala 
with Sloping Earth Cores,’’ 
James Growdon (with discussion), 
207. 


Sloping Core Dam,’’ James 
Growdon (with discussion), 160. 

James Growdon (with discussion), 
237. 

Nottely 

Central Core Dams,’’ George 
Leonard and Oliver Raine (with 
discussion), 190. 

Nozori 

Concrete face, 126. 

Asphaltic concrete deck, 441. 
Paradela 

Treatment Paradela 
Walter Weyermann (with 
discussion), 419. 

Lateral movement, 266. 

Concrete Face Luis 
Henrique Gomes Fernandes, Edgard 
Oliveira, and Nuno Vasconce- 
los Porto (with discussion), 365. 

Pinzanes 
Thin placed rock, 116. 
Queens Creek 

with Sloping Earth 
James Growdon (with discussion), 
207. 

James Growdon (with discussion), 
237. 

Quoich 

Concrete face dam, 136. 
Relief 

Thick section placed rock, 77. 
Rio Lagartijo 

Dam,’’ James Sher- 

ard, 465. 
Salazar 
Steel faced dam, 397. 
Salt Springs 

Comparison with Paradela, 393. 

“Salt Springs and Lower Bear River 
Concrete Face Steele 
and Barry Cooke (with discus- 
sion), 74. 

Salt Springs settlement, 266. 

Statistical data, 590. 

San Gabriel 
and San Gabriel 
Paul Baumann (with discussion), 29. 
San Gabriel No. (Cogswell) 
Settlement and cracking, 297. 
Schevelinger 
Asphaltic concrete deck, 441. 


Dam,’’ James Sher- 
ard, 
South Holston 
Central Core George 
Leonard and Oliver Raine (with 
discussion), 190. 


: 
‘ 


710 


DAMS, ROCKFILL (Name)(continued) 

Strawberry 
Thin placed rock, 77: 

Similarity with Brownlee dam, 564. 

Turawa 
Asphaltic concrete deck, 442. 

Upper Bear River 
Overtopping dam, 296. 

Thin placed rock, 76. 

Vale Gaio 
Asphaltic concrete core, 441. 

Vria 
Asphaltic concrete deck, 441. 

Watauga 
Central Core Dams,’’ George 

Leonard and Oliver Raine (with 
discussion), 190. 

Wishon 
Comparison with Paradela, 393. 
Settlement data, 626. 

Courtright Concrete Face 
Barry Cooke (with dis- 
cussion), 

Wolf Creek 
with Sloping Earth 

James Growdon (with discussion), 
207. 

James Growdon (with discussion), 
237. 

FOUNDATIONS 

and San Gabriel Dams,’’ Paul 
Baumann (with discussion), 29. 

Treatment Paradela 
Walter Weyermann (with 
discussion), 

Central Core Dam, Afghani- 
Glenn Sudman (with discus- 
sion), 301. 

River Lewis Schmidt, Jr. 
(with discussion), 

GEOLOGY 

Patterson and Mac Donald 
(with discussion), 488. 

Khan Calvin Davis 
(with discussion), 635. 
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Cougar Central Core 

Paul Thurber (with discussion), 
GROUTING 

River Dam,’’ Lewis Schmidt, 
Jr. (with discussion), 

Treatment Paradela 
Dam,’’ Walter Weyermann (with 
discussion), 

PLATES 

465. 
SEEPAGE 

Analysis seepage through rockfill 
dams, 

Valley Central Core 

Getts (with discussion), 336, 

and San Gabriel Paul 
Baumann (with discussion), 29. 

River Dam,’’ Lewis Schmidt, Jr. 
(with discussion), 

SETTLEMENT 

“Cherry Valley Central Core 

Getts (with discussion), 336. 

and San Gabriel Dams,”’ Paul 
Baumann (with discussion), 29. 

and Cheakamus 
William Huber (with discussion), 
255. 

Montgomery dam, 458. 

James Growdon (with discussion), 
237. 

Springs and Lower Bear River 
Concrete Face Steele and 
Barry Cooke (with discussion), 74. 

Central Core Dams,’’ George 
Leonard and Oliver Raine (with 
discussion), 190. 

and Courtright Concrete Face 
Barry Cooke (with discus- 
sion). 587. 

TERMINOLOGY 
Rockfill-dam components defined, 275. 
Rockfill dams defined, 679. 
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